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Swimming Dynamics, Hydrodynamics and Energetics 
 
Gen Li 
 
Abstract 
 
The evolution history of fishes spans 500 million years. Under severe living competition, 
fish evolved both morphological and kinematic characteristics for fast, agile and 
efficient locomotion in water. Understanding the mechanism of fish swimming helps us 
to design efficient and agile man-made swimming machines.  
    Fish larvae swimming is at present an important research branch of fish 
biomechanical research. Different form adult fish, fish larvae swim in an intermediate 
flow regime, with Reynolds numbers (the ratio of inertial over viscous forces) ranging 
from 101 to 103. In this intermediate flow regime, both inertial and viscous forces affect 
on the fish, and the fish larvae are surround by laminar flow.  
    However, experimental approaches have difficulties to measure the hydro force 
and flow pattern of a free-swimming fish, especially the larval fish, and most current 
computational approaches are also using tethered model that results in inaccuracy and 
cannot simulate manoeuvring motion.  
    To this end, a three-dimensional free-swimming computational approach 
integrating hydrodynamics and body dynamics was developed. The model fish swims 
freely in the horizontal plane (3 degrees of freedom (DoF)). The only input parameters 
of the model are the experimentally determined three-dimensional time-dependent 
shape of the fish’s body deformation. The centre-of-mass (CoM) movements and body 
orientation are not prescribed, but are determined by the hydrodynamic forces generated 
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by the swimming model fish. With this approach, both steady (or cyclic) swimming 
(characterized by a cyclic repetition of the propulsive movements by passing waves 
from fish head to it tail) and unsteady movement (including rapid starts, escape 
manoeuvres, and turns) can be simulated. A rigorous comparison with 2D PIV and 
kinematics data revealed that the computational model accurately predicted fish’s 
motion in horizontal plane as well as the spatial and temporal characteristics of the flow.  
    This study reveals important novel understandings on the swimming mechanism of 
fish based on the simulations. Under cyclic swimming, the free-swimming approach 
uncovered that increasing the body wave amplitude increased forward swimming speed 
as well as a minor non-linear increase in propulsive efficiency for wave amplitudes 
above the experimental reference value, while the cost of transport rose significantly. 
The simulation also revealed a propulsive mechanism adopted at lower Reynolds 
number based on the vortex at the upper and lower edges of the larval fish, which 
exceeded the traditional two-dimensional theory. In spontaneous C start, the distribution 
of pressure and shear forces along the body was obtained to explain the mechanism of 
efficient acceleration. Furthermore, in escape C start, the simulations show that fish may 
intercept their own wake when they turn by 100 to 180° and wake interception 
increased the lateral force on the fish and reduced the fish’s turning angle.  
    Overall, this study presents and validates an accurate free-swimming 
computational approach. This virtual 'fish lab' allows us to simulate various fish species 
in infinite parameter space. New exploration by this approach is challenging the 
classical explanation of larval fish swim. Extra swimming organs such as multiple fins 
are also added to the fish model. In future, the computational approach and its 
discoveries of fish swimming mechanism will contribute to the design of fish robot. 
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Chapter 1  
Introduction 
 
 
1.1 Significance of learning the swimming of fish 
 
The evolution of fishes spans 500 million years (Long, 1995). Under severe living competition, 
fish evolved themselves for more fast, agile and efficient locomotion in water, as a ‘nature-built 
swimming machines’. 
  We humans, in evolution history, are in fact ‘highly advanced fishes’. Since the early stage of 
human civilization, fish are important food resource for us. However, as the scientific 
knowledge of humans progressed, we became curious and tried to learn about fish the 
swimming. On contrast to the 500 million years history of fish, it is only 300 years since Isaac 
Newton noticed the effects of friction and viscosity in diminishing the velocity of running water 
in the Principia; it is only 200 years since the modern streamer ship was developed; it is only 20 
years sine the famous fish robot ‘RoboTuna’ was designed and built by the Massachusetts 
Institute of Technology  (MIT). So far, too many mysteries of fish locomotion in the water still 
exist. 
  As an important scientific field, biomimetics is the imitation of the models, systems, and 
elements of nature for the purpose of solving complex human problems. The ultimate aim to 
research fish swimming is to help ourselves to build better swimming machines. Also, fish 
swimming is a very interesting problem for both fluid mechanics and biology. New progress 
these in fundamental sciences can directly or indirectly benefit all other research fields. 
 
 
1.2 Limitation of current methods to learn fish swimming 
 
For experimental study, it is extremely difficult to directly measure the surface force of a 
swimming fish. Many of the force measurements are indirectly analyzed from kinematic 
measurements, however, in experiment the fish seldom take steady swimming as wished. So far, 
experimental hydrodynamic studies use two-dimensional (2-D) particle image velocimetry 
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(PIV) to describe the flow patterns (e.g. Blickhan et al., 1992, Müller et al., 1997; Wolfgang et 
al., 1999; Nauen and Lauder, 2002; Lauder and Drucker, 2002, Tytell and Lauder, 2004), 
volumetric PIV data are also becoming available (Flammang et al., 2011). When the fish enters 
the laser sheet, shadow occurs on the other side of the fish thus only part of the flow field is 
available. Fish usually try to escape from the laser sheet. The accuracy of the PIV method is 
also restricted to the density of particles, the size of the object and filming frequency. 
    Since the limitation of experimental approach, computational fluid dynamics (CFD) has 
become an important approach to support research on fish swimming. Most current 
computational approaches are still using tethered model, the separation of hydro-force result and 
motion input leads to inaccuracy. A tethered model with incoming flow cannot simulate 
manoeuvring motion. Therefore, computational studies of swimming hydrodynamics have 
focused mainly on cyclic swimming and adult fish. 
 
 
1.3 Zebrafish larvae: a big story of tiny fish 
 
Fishes are the most diverse group of vertebrates, with more than 23,000 known spices. Among 
these spices, as present most fish researches concentrated on zebrafish larvae, Bluefin sunfish, 
and tuna. Zebrafish larvae (see Fig. 1-1) are chosen as the objective of this study, since there are 
a huge amount of recent studies and resources on it.  
    The ratio of inertial over viscous forces, the Reynolds number (Re), is considered as the 
most primary parameter to characterize the condition of swimming environment of fish. 
Different form adult fish, fish larvae swim in an intermediate flow regime, with Reynolds 
numbers ranging from 101 to 103 (McHenry and Lauder, 2005). In this intermediate flow regime, 
both inertial and viscous forces affect on the fish, while the fish larvae are surround by laminar 
flow. 
This study involves 1) steady (or periodic or cyclic) swimming, characterized by a cyclic 
repetition of the propulsive movements by passing waves from fish head to it tail. Steady 
swimming is employed by fish to cover relatively large distances at a more or less constant 
speed (e.g. Blickhan et al., 1992, Müller et al., 1997; Wolfgang et al., 1999; Nauen et al., 2002; 
Lauder and Drucker, 2002; Müller et al., 2002). 2) Unsteady movements that include rapid 
starts, escape maneuvers, and turns. A C-start (Fig. 1-2) is such a unsteady motion when fish 
start from a distinguished C-shape, such motion only last milliseconds and is typically used for 
catching prey or avoiding predators.  
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1.4 Objective of this study 
 
Hydrodynamic modelling of larval swimming puts special demands on computational models: 
(1) larvae swim with a wide body wave amplitude and therefore affect a relatively large volume 
of fluid that needs to be mapped with a fine grid to resolve near-body flows; (2) non-cyclic 
swimming kinematics cannot be modelled readily by a simple wave function; (3) the fish’s 
centre-of-mass movements are the result of the interaction between the forces exerted by the 
water and those exerted by the fish body, requiring the computational model to couple the 
computation of fluid and body forces. 
   In order to satisfy these demands, in this research a three-dimensional free-swimming 
computational approach integrating hydrodynamics and body dynamics was presented in 
Chapter 2. Chapter 3 to 7 respectively reveals detailed important novel understandings on the 
swimming mechanism of fish based on the simulations, ordered by the complexity of the 
motion: Chapter 3 specially presents discovery on steady/cyclic swimming. Chapter 4 revealed 
a propulsive mechanism adopted at lower Reynolds number based on the vortex at the upper 
and lower edges of the larval fish in cyclic swim. Chapter 5 is on spontaneous C start, which is a 
gentle unsteady motion under no external stimulus. Chapter 6 furthermore discuss extremely 
complicated phenomenon of escape C start. In Chapter 3 and 5, a rigorous comparison with 2D 
PIV and kinematics data revealed that the computational model accurately predicted fish’s 
motion in horizontal plane as well as the spatial and temporal characteristics of the flow. In 
Chapter 7, summary and future research plan are presented. 
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Figure 1-1 zebrafish larvae. (upper) an adult zebrafish of a length of 5cm. (lower) a 5 day post 
fertilization zebrafish larva, 4.4 mm. 
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Figure 1-2. An escape swim event start with a C-start. At 6 ms, the first stroke of fish formed a 
distinguishing C-shape. 
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Chapter 2  
Free-swimming numerical approach of fish swimming 
coupling hydrodynamics and body dynamics 
 
2.1 Overview of the solver - what is free-swimming? 
To determine the spatial position of a deformable body such as fish, position of CoM, 
heading orientation and time-dependant body shape are required. In tethered CFD 
model, all these information prescribed, while in the free-swimming concept using for 
the CFD model in this study, time-dependent body shape is the only input, while CoM 
position and heading orientation are results of simulation. The free-swimming model 
directly bring two advantage: firstly it ensures the correspondence between computed 
hydro-force and motion; secondly, it allows exploration beyond the observed parameters. 
   This chapter introduces the in-house three-dimensional numerical approach, which was 
developed to simulate fish larvae (Li et al., 2012, 2014). The model fish swims freely in the 
horizontal plane (3 degrees of freedom (DoF)). The only input parameters of the model are the 
experimentally determined three-dimensional time-dependent shape of the fish’s body 
quantified from video recordings of swimming larvae. The centre-of-mass (CoM) movements 
and body orientation are not prescribed, but are determined by the hydrodynamic forces 
generated by the swimming model fish. The force on the body were obtained by coupling the 
hydrodynamic and body dynamic solutions. This computational approach was programmed 
entirely in Fortran 90 and compiled by the Intel Fortran Compiler. Figure 2-1 shows a 
diagrammatic overview of the computational approach.  
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2.2 Fish model and computational grids 
The computational approach comprises a surface model of the fish to model the fish’s body 
wave, and a local body-fitted grid plus a global grid to model the flow patterns generated by the 
fish with sufficient resolution both in the near and the far field (figure 2-3 b,c). The fish surface 
model was based on a larval zebrafish (Danio rerio, Hamilton, 1822) 3 or 5 days post 
fertilization (dpf) (figure 2-2). The radial width of body-fitted grid was defined to be less or 
equal to one third of the fish’s body length. The body grid had radial layers, with the radial 
width of the innermost layer adjacent to the body surface defined to be ≤ 0.1 L/ 𝑅𝑒, an 
empirical formula ensuring that the grid resolution near the fish body is suitably accurate for the 
flow condition (Liu, 2009), where L is the body length of the fish and Re is the Reynolds 
number (in equation 1). Hence, simulations at larger Re were run with a finer resolution of both 
the body and the global grids. Furthermore, the radial width of the body-fitted grid at each time 
step was co-determined by body curvature to accommodate the strong body deformations that 
occur during large body deformation – radial width varied in order to avoid overlap between 
nearby grid cells (e.g. concave bend in figure 2-3d). To simulate the flow around the larva, the 
body-fitted grid was updated at each time step. 
  Body and global grid were combined using a multi-blocked, overset-grid chimera scheme 
(Liu, 2009; Prewitt et al., 2000): Global grid cells whose centres fell within the body grid were 
emptied. Global cells (Fig. 2-4 global grid) bordering on empty cells were labelled as inter-grid 
boundary cells (IGBCs); cells on the outer boundary of the body grid were also labelled IGBC 
(Fig. 2-4 body-fitted grid). Because body and global grid were incommensurate, the value was 
obtained for a given IGBC from one grid by interpolation from the other grid. 
 
 
2.3 Deformation of the fish model 
To prescribe the body deformations of the fish model, two approaches were developed: an 
“analytical-function module” and a “play-back module”. The “analytical-function module” 
described the fish’s body wave using sinusoidal functions to define a propagating wave from the 
snout down to the tail:  
      
  (eq. 2-1) 
where t is time, xaxis is the longitudinal coordinate along fish axis (xaxis= 0 at head and xaxis= 1 at 
tail tip), a(xaxis) is the amplitude envelope at xaxis, λ is the wavelength, and z(xaxis,t) denotes the 
resultant lateral excursion at time t. The body wave amplitude envelope a(xaxis) was derived 
€ 
z(xaxis,t) = a(xaxis)× sin 2π
xaxis
λ
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ −2πt
⎡ 
⎣ 
⎢ 
⎤ 
⎦ 
⎥ 
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from digitised midlines of swimming fish. The amplitude function is expressed in the fish frame 
of reference to remove all external kinematics from the CoM and body kinematics. 
A correction factor to Eq. 2-1 was applied to ensure that the body length of the fish 
remained constant, such that (in normalized body coordinates):  
              
 (eq. 2-2) 
The analytical-function approach is used commonly in computational modelling and is 
useful for parameter space mapping. However, more complex time-dependent functions are 
required to model burst-and-coast swimming or starts, when the characteristics of the body 
wave change from one tail beat to the next. To model unstable swimming such as the C starts, 
the play-back module was developed, which used the observed body waves as input for the 
CFD model. This method not only readily reflected changes in body wavelength and speed, but 
it also facilitated a direct comparison between simulations and experimental results. 
 
 
2.4 Hydrodynamic and body dynamic solutions 
2.4.1 Governing equations 
The governing equations are the three-dimensional, incompressible and unsteady Navier-Stokes 
(NS) equations written in a strong conservative form for mass and momentum. By adding the 
pseudo time derivate of pressure to the equation of continuity, the artificial compressibility 
method is used to accelerate the convergence during inner-iteration (Liu, 2009). For an arbitrary 
deformable control volume V(t), the non-dimensional governing equations are: 
     (eq. 2-3)
 
where,
 
  
 
 
In the preceding equations, u, v and w are the velocity components in the Cartesian coordinate 
system, p is the pressure; t is the physical time and Re is the Reynolds number. The equations 
also contain the pseudo time parameter τ and pseudo-compressibility coefficient λ. The term q 
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associated with pseudo time was designed for an inner-iteration at each time step, and vanished 
when the divergence of velocity approached zero so as to satisfy the equation of continuity. By 
introducing the generalized Reynolds transport theorem and by employing the Gauss integration 
theorem, equation (1) is transformed in a general curvilinear coordinate system as 
  (eq. 2-4)
 
where f = (F+Fv, G+Gv, H+Hv); S(t) denotes the surface of the control volume; n = (nX, nY, nZ) 
are the components of the unit outward normal vector corresponding to all the surfaces of a 
polyhedral cell; ug is the local velocity of the moving cell surface. For a structured, 
boundary-fitted, and cell-centred storage architecture, equation (2-4) was rewrote into a 
semi-discrete form: 
    (eq. 2-5)
 
where  
  
e.g. 
    The (𝐅 + 𝐅v) parameters refer to the two opposite surfaces j of a particular computational cell as 
indicated by the subscript +½j and -½j. The (𝐆 + 𝐆v) and (𝐇 + 𝐇v) parameters were derived in a 
similar manner and refer each to two opposing cell surfaces i and k. The term Vijk is the volume 
of the cell (i, j, k). The superscript ξ denotes the ξ-direction perpendicular to two particular cell 
surfaces (indexed by i, while ζ-direction and η-direction are indexed by j and k respectively, see 
Fig. 2-5). A more detailed description can be
 
found in Liu (Liu, 2009). 
 
2.4.2 Fortified solution algorithm 
The geometries of the body grid and the global grid were incommensurate. It was therefore 
necessary to interpolate values in the overlap regions between the inter-grid boundary cells 
(IGBCs) and these interpolated values needed to be fortified to enhance the stability of the 
algorithm. The solution algorithm, which is based on a fortified NS approach (Liu, 2009), was 
derived by adding forcing terms σ(qf - q) to the semi-discrete equation (3): 
   (eq. 2-6) 
where qf is derived from the interpolation (flow solution of the other overlapping grid in the last 
time step) in the IGBCs, and set to zero in the rest of the computational domain. In the IGBCs, 
the switching parameter σ was given a large positive value such that the NS equation algorithm 
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was effectively turned off and reduced simply to q=qf, so the solution was fortified there. In the 
rest of the computational domain σ=0 was defined, which reduced the algorithm to the standard 
solution.  
An implicit scheme is successively employed on equation 2-6 for the physical time t and the 
pseudo-time τ for inner-iteration. Based on reasonable numerical approximations, equation 2-6 
could be derived into its discrete form and decomposed in sweeps in the ξ-, η- and ζ-directions. 
In each direction, only a linear system of equations containing a tridiagonal coefficient matrix 
needs to be solved, making this approach suitable for a computer-based iterative solution with 
comparatively low hardware requirements. More details and further derivations from equation 
2-5 can be found in Liu (Liu, 2009) and Liu and Kawachi (Liu and Kawachi, 1999). 
2.4.3 Boundary conditions 
Besides the values of IGBCs obtained via the inter-grid communication, further boundary 
conditions are required: 1) in the body-fitted grid, at the solid wall (surface) of the undulating 
body, and 2) in the global grid, at the external boundary.  
On the body surface, the non-slip condition was used to define the velocity components and 
surface pressure in a way that accounted for dynamic effects due to the body’s acceleration: 
                (u, v, w) = (usurface, vsurface, wsurface), ∂p/∂n = -asurface·n, 
where local velocity (usurface, vsurface, wsurface) and acceleration asurface on the body surface are 
evaluated using the renewed grids in each physical step. n is the unit outward normal vector on 
body surface. 
For the global grid, the boundary conditions for the velocity and the pressure were: 1) 
upstream (u, v, w) = 0 while pressure p was set to zero; 2) downstream and at the external 
boundaries of the global grid a zero-gradient condition was enforced for both velocity and 
pressure, i.e., ∂(u, v, w, p)/∂n = 0, where n is the unit outward normal vector at the external 
boundary.     
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2.5 Body dynamic model 
2.5.1 Computation of Centre of Mass (CoM) and Inertial Moment of 
the Deforming Body 
Initially, the model fish was assumed to be of uniform density with a density equal to water. 
Based on the 33x45 body surface grid (this grid has 45 cross-sections perpendicular to the body 
axis and the shape of each cross-section was assumed fixed to simplify the geometric 
modelling), the body was divided into 16x44x10 inner-body cells. The mass of each inner-body 
cell was calculated when the fish was straight, and it was assumed to not change during 
swimming regardless of cell deformation as shown in figure 2-6. This assumption ensured that 
fish mass remained constant throughout the simulated swimming episode.  
The centre of mass (CoM) and moment of inertia were refreshed at each time step during the 
computation: 
  
;                    (eq. 2-7) 
                    (eq. 2-8) 
where mi is the initial mass of the i-th inner-body cell, ri is the position vector of the centre of 
the i-th inner-body cell. 
 
2.5.2 Realizing free-swimming 
The coupling of flow and body dynamics computations ensured free swimming – the flow 
forces generated by the fish drive the fish’s translational and rotational movement in space, and 
this movement in turn affects the flow computation. 
The body dynamic model was constructed by modelling the zebrafish as a deforming body 
with a time-varying centre of mass (CoM) and moment of inertia. Although the computational 
model allows the fish swim freely with six degrees of freedom (DoF), and three DoFs were 
locked: the vertical component of the swimming speed, pitch and roll were all assumed to be 
zero because the zebrafish larvae in this study executed swimming mainly in a horizontal plane 
without obvious pitch and roll. 
  From the flow solution, the two horizontal force components (FX, FY) exerted on the body 
surface in the global system were evaluated by a summation of the force vectors of all the cells 
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at the body surface due to the local pressures and shear stresses: 
                (eq. 2-9) 
where Ai,j is the surface area of the i,j-th cell on the body surface, and Pbody,i,,j and Sbody,i,,j are 
pressure and shear stress vectors on this surface cell, which arose from the solution of NS 
equations. 
  The hydrodynamic moment NXY was calculated as the sum of the cross product of the 
positional vector and the force at each computational cell centre on the body surface, such that: 
                     (eq. 2-10) 
where ri,j is the positional vector from the CM to the i,j-th cell centre on the body surface, and 
Fi,j is the hydrodynamic force vector at the i,j-th cell centre on body surface. 
The deformable-body dynamic model was constructed based on the Newton-Euler 
equations of a 6DoF body motion. By locking three DoFs, these equations were reduced to a set 
of three coupled nonlinear ordinary differential equations: 
    (eq. 2-11) 
where F is the fluid force vector acting on the body centre of mass, and uCM=(uCM,X, uCM,Y) is the 
translational velocity of the centre of mass of the fish, aCM the translational acceleration of the 
centre of mass, ωXY its global angular velocity about the Z-axis, α its global angular acceleration 
about the Z-axis, M the fish mass, IXY the yawing moment of inertia (which depends on the 
instantaneous body shape) and NXY the hydrodynamic moment about the centre of mass. Fish 
mass M was assumed constant but the yawing moment of inertia I varied with time and was 
updated at each time step. The earth frame of reference was used for all dynamic computations 
to avoid any additional terms that the fish deformations might otherwise introduce into the 
equations of motion. 
By coupling the fish dynamic model with the NS solver, the nonlinear equations of body 
motion were directly solved to numerically obtain translational and angular acceleration 
variables (aCM,X, aCM,Y, α) at each time step. Then the second-order Runge-Kutta integration 
method was used to obtain the three time-varying velocies (uCM,X, uCM,Y, ω). The internal force 
was neglected during the fish’s deformation and assumed that the fish’s rotation was identical to 
the heading angle. Within the allowed three DoFs, the body-fitted grid system was updated at 
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each time step to take into account both the swimming dynamics and the prescribed fish-body 
deformation: the fish model was rotated to its updated heading angle, and translated to its 
updated CoM position. The body-fitted grid also deformed according to the fish model and the 
updated grid system was then applied to flow computation in the next physical step. The 
relationship between the fish frame of reference and the earth frame of reference is expressed 
as:    
      (eq. 2-12) 
where Xi, Yi is the position of point in earth frame of reference, XCOM, YCOM is the position of 
CoM in the earth frame of reference Φ is the heading angle of the fish, also as the angle between 
fish frame of reference and earth frame of reference. Superscript F denotes coordinates in the 
fish frame of reference.  
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Figure 2-1. Overview of the numerical approach and the kinematic validation. Data from 
experimental observations were used as model input (body- and fin deformation) and model 
validation (i.e. a comparison between centre of mass (CoM) translation and heading angle 
obtained from experiment and model, respectively). The model consists of a numerical 
procedure that used prescribed time-dependent body- and fin-shapes to update the numerical 
grids for every time step. A finite-volume method was used to solve the Navier-Stokes 
equations for the fluid flow in an iterative manner for each time step, providing the solution for 
the external flow field as well as the shear stresses and pressures on the modelled body and fins. 
The force distribution on the body parts was used to compute the motion of the CoM and 
change in heading angle. 
  
Chapter 2  Free-swimming Numerical Approach                         18 
 
18 
 
 
 
 
 
 
 
Figure 2-2. Zebrafish larvae and their corresponding body surface models. From top to bottom: 
larva at 3 days post-fertilization (dpf), model larva 3 dpf, larva at 5 dpf and model larva 5 dpf. 
Yolk sac and finfold (skin fold surrounding the posterior part of the body, within which the 
dorsal, anal and caudal fins develop) of the larva are marked in upper image. 
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Figure 2-3. Computational grid system (a) Surface model; (b) Body-fitted grid; (c) Global grid; 
(d) Deformation of body-fitted grid to solve geometric problems during large body 
deformations. 
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Figure 2-4. Grid assembly. Left panel: In the global grid, cells whose centre falls inside the 
moving fish were emptied. Cells that border on empty cells were marked as inter-grid boundary 
cells (IGBCs). Right panel: In the body grid, all cells on the outer boundary of this grid were 
marked as IGBCs. 
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Figure 2-5. Sketch of the surface area vectors in ξ, ζ and η-direction, the local velocity of the 
moving cell surface (ug) and volume (Vi,j,k) of celli, j, k. 
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Figure 2-6. Body grid to calculate centre of mass and moment of inertia. (a) and (b) Based on 
the body surface grid, rectangular columns was defined that cut transversely through the body 
(example column in dark grey). These columns deform as the fish bends. Each column was 
divided into 10 body cells. the simplifying assumption was made that the mass of each cell 
remains constant despite the changes in cell volume occurring during body bending. (c) The 
mass of each body cell was calculated when the fish was straight (green: neutral plane of 
bending). (d) Although the cells change shape and size as the fish bends, cell mass was 
conserved. 
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Chapter 3  
Forward Cyclic Swimming 
 
 
3.1 Introduction  
Many experimental studies have focused on cyclic behaviours, which is also called ‘steady’ 
swimming, in spite of the unsteady nature of the fluid flow (anguilliform swimmers: Wardle et 
al., 1995; Müller et al., 2001; Tytell and Lauder, 2004; carangiform swimmers: Blickhan et al., 
1992, Müller et al., 1997; Wolfgang et al., 1999; Nauen et al., 2002; Lauder and Drucker, 2002; 
Müller et al., 2002). Cyclic swimming may be common during migrations in open water and in 
early larval stages (Hunter, 1972).  
The experimental studies of cyclic BCF swimming show that fish generate two main wave 
patterns during cyclic swimming. Anguilliform swimmers have been shown to generate a 
double vortex wake (Müller et al., 2001; Tytell and Lauder, 2004). Carangiform swimmers 
generate a double vortex wake or a vortex chain wake, depending on Strouhal number (Müller 
et al., 2002).  
In order to understand the relationship between body shape and body movements on the one 
hand and the resulting flow patterns and swimming performance on the other hand, 
computational fluid dynamics (CFD) is needed to provide data on propulsive forces (Liu et al., 
1996, 1997; Liu and Kawashi, 1999; Carling et al., 1998; Kern and Koumoutsakos, 2006). 
Several studies (Borazjani and Sotiropoulos, 2008, 2009, 2010; Reid et al., 2012) varied tail 
beat frequency to compute wake topology over a range of Strouhal numbers from 0 to 1.3 for 
carangiform and anguilliform swimmers. These studies predicted for both anguilliform and 
carangiform swimming that a double-row vortex street forms at high Strouhal numbers and a 
single-row vortex street forms at low Strouhal numbers. 
So far, computational studies of swimming hydrodynamics have focused mainly on cyclic 
swimming and adult fish; far fewer studies address unsteady swimming behaviours in larvae. 
Computational studies show that swimming at these lower Reynolds numbers requires higher 
Strouhal numbers compared with adult fish (Borazjani and Sotiropoulos, 2008). Experimental 
studies show that larval swimming differs in both kinematics and flow from adult swimming 
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(for a review, see Müller, 2008).  
Here, with the free-swimming computational approach presented in Chapter 2 and based on 
detailed experimental data from a cyclic swimming of zebrafish larvae (Müller et al., 2008), this 
study aimed at two goals. First, by comparing the output of this computational model with 
experimental flow and kinematic data obtained for exact same body kinematics, this study 
provided a rigorous comparison of CFD and experiment. The time- and space-resolved pressure 
and shear stress distributions on the body surface, the fluid-dynamic power and efficiency, as 
well as the time course of the three-dimensional structure of the generated wake were computed . 
Second, the effect of body wave amplitude on performance during cyclic swimming was 
explored in order to discover optimal swimming strategies. 
 
 
3.2 Materials and Methods 
 
3.2.1 Free-swimming computational approach 
This study modelled swimming bouts of zebrafish larvae 3 days post-fertilization (dpf), with 
body lengths of 3.8 mm (see Fig. 2-1). The grid system, hydrodynamic and body dynamic 
models were same as introduced in Chapter 2. 
 
3.2.2 Fish deformation 
The “analytical-function module” described the fish’s body wave using sinusoidal functions to 
define a propagating wave from the snout down to the tail:  
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⎛×= txsinxatxz axisaxisaxis πλ
π 22)(),(   (3-1) 
where t is time, xaxis is the longitudinal coordinate along fish axis (xaxis= 0 at head and xaxis= 1 at 
tail tip), a(xaxis) is the amplitude envelope at xaxis, λ is the wavelength, and z(xaxis,t) denotes the 
resultant lateral excursion at time t. The body wave amplitude envelope a(xaxis) was derived 
from digitised midlines of swimming fish (Fig. 3-1A). The amplitude function is expressed in 
the fish frame of reference (Fig. 3-1B) to remove all external kinematics from the CoM and 
body kinematics. 
To obtain the amplitude envelope of the fish’s body wave, the midlines from nine tail beats 
of one cyclic swimming bout (Fig. 3-1A) were superimposed so that they collapsed into one 
point at the snout tip (Fig. 3-1B). It was further assumed that the anterior 20% of the body was 
too stiff to undergo bending. The amplitude envelope at 11 points at 0.1L intervals along the 
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x-axis was sampled to obtain an ‘average amplitude envelope’. This average envelope was 
symmetric and slightly narrower than the maximal envelope (Fig. 3-1B).  
A correction factor Eqn. 3-2 was applied to ensure that the body length of the fish remained 
constant, such that (in normalized body coordinates):  
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3.2.3 Parameters to Characterize Flow Conditions 
Two speed average was used, one for the CM and one for the tail tip, the body part that usually 
moves the fastest in an earth frame of reference, to compute an average Reynolds number as 
follows: 
 ν2
)( LUURe tailCMEXP
+
=   (3-3) 
where UCM is the final mean speed of CM and Utail is the final mean speed at the tail tip; ReEXP is 
the experimentally observed Reynolds number used in the CFD computations. All computations 
in this chapter were at ReEXP = 550 (Tab. 3-1).  
 
3.2.4 Evaluation of thrust, drag, power and propulsive efficiency 
The power required for cyclic swimming, i.e. the work done per unit time, can be calculated as 
the sum of the work done by the inertial and hydrodynamic forces on the body surface: 
     hydroinertotal
PPP += .  (3-4) 
Hydrodynamic power were calculated as the summation of the dot products of the velocity and 
the hydrodynamic forces on the body, such that: 
   
€ 
Phydro =− (Fhydro,i, j ⋅ui, j
i, j
surface
∑ )  (3-5) 
where Phydro is the hydrodynamic power; Fhydro,i,j is hydrodynamic force acting on the i, j-th 
surface element; ui,j is the velocity of the i, j-th surface element. 
Inertial power was computed as: 
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where Finer,i,j,k are the inertial forces acting on the i,j,k-th element of the body; abody,i,j,k and 
ubody,i,j,k are the acceleration and velocity of the i,j,k-th element of the body; mi,j,k is the mass of 
the i,j,k-th body element. 
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To evaluate the instantaneous mechanical performance of the undulating swimmer, the 
mechanical propulsive efficiency was defined, i.e. the ratio of the effective work rate and the 
total power in a time-varying manner, as follows: 
                 
total
CM
pe P
uT ⋅
=η   (3-7) 
where T is the thrust vector. Thrust (T) and drag (D) forces were defined relative to the 
direction of the path of motion as the sum of the positive and negative components of the 
hydrodynamic forces acting on each surface element. 
All forces, moments and powers were further defined as dimensionless coefficients of thrust 
(T*), drag (D*), net thrust (Tnet*), moment (N*) and power (Ptotal*) as: 
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(3-8) 
The velocity uCM was calculated by computational total force exerted on the body and the 
second-order Runge-Kutta integration method, ρ is the density of water, S is the area of body 
surface, and L is the body length. 
 
 
3.3 Results and discussion 
3.3.1 Validation of the model: kinematics 
To simulate cyclic swimming in larval fish, a wave function was developed to describe the body 
movements of the computational larva based on the actual movements of a 3 dpf old zebrafish 
larva (Müller et al., 2008) (Fig. 3-1A). In this observed bout, the larva swam at a mean speed of 
18±2 Ls-1 along an approximately straight path (change in direction is less than 15° over 9 tail 
beats). The larva generated a body wave travelling down its body with an almost constant 
tail-beat frequency (57±8 Hz; n=8) and amplitude (0.16±0.025 L; n=8; measured as lateral 
excursion of the tail tip from the mean path of motion). Table 3-1 lists the kinematic parameters 
used in the simulation, which were based on the analysis of nine consecutive tail beats. 
The forward swimming speed of the model was slightly lower (16 Ls-1) than the observed 
swimming speed, it was at the lower boundary of the observed values of 18±2 Ls-1 (Fig. 3-2). In 
the simulation, the fish started from rest (initial UCM = 0) and reached the final speed after 9 tail 
beat cycles (= 18 tail beats). The discrepancy between the model’s final speed and the 
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experimentally observed speed might be caused by differences in the time history leading up to 
the experimentally observed swimming sequences, by slight discrepancies in morphology 
between the model and the real fish, or most likely, by the fact that the real fish changed its 
body wave shape from tail beat to tail beat, leading to small changes in swimming speed and 
swimming direction that did not occur in the model fish, which swam with the same symmetric 
tail beat amplitude envelope during the entire swimming bout. The model fish’s average 
propulsive efficiency during cyclic swimming was 30.2% (averaged over a tail beat cycle, 
Tab. 3-2).  
The free-swimming model revealed that the shape of the amplitude envelope was the result 
of fluid-body interaction. Fluid-body-interaction caused the fish to sideslip and to yaw, resulting 
in an amplitude envelope whose shape depended on the frame of reference: while the tail 
amplitude was wider in the fish vs. the earth frame of reference (0.27 L vs. 0.16 L), the snout 
amplitude was by definition wider (0 L vs. 0.04 L) given that the origin of the fish frame of 
reference was the snout. 
Overall, the CM kinematics (translation and rotation) of the computational model closely 
resembled that of the actual fish larva. It was therefore concluded that the model was 
sufficiently accurate to imitate the interaction between free-swimming dynamics and 
hydrodynamics during cyclic swimming. 
 
 
3.3.2Validation of the model: flow 
Besides the body dynamics, the CFD model also accurately predicted the flow topology and 
time course. The symmetric body waves of the computational fish caused small differences with 
the experimental flow fields. However, CFD and experimental flow fields shared salient flow 
characteristics. 
To validate our CFD data, spatial and temporal flow patterns of the CFD-generated flows 
were compared with the experimentally observed PIV patterns. The first step of the validation 
was the identification of the correct horizontal transect through the three-dimensional CFD flow 
field (Fig. 3-3). The following evidence suggested that the PIV flow field transected the larva 
ventrally near transect CFD-C. First, the distribution and size of the areas of elevated vorticity 
in CFD-C were very similar to the PIV results: the vorticity area (red area, labelled a near the 
head extended as a narrow band from the snout to the peak of the wave crest, the shed vortex 
pair (Fig. 3-3: blue area, labelled b) was about 0.3 L long and 0.1 L wide. Second, the 
magnitude of the vorticity peaks was similar in CFD and PIV (Fig. 3-3. vorticity peak in the 
wake (blue area, labelled b): 50 s-1; vorticity peak near head (red area, labelled a): -55 s-1). In 
conclusion, the CFD model generated horizontal transects that resembled the PIV data and 
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helped to identify the location of the light sheet in the PIV experiments: the horizontal transect 
through the three-dimensional flow field was approximately 0.06 L (0.34 mm) below the 
medio-frontal plane of the larva, only the yolk sac and the ventral finfold were situated in the 
light sheet. 
The second step of the validation was a comparison of the temporal structure of the flow 
fields. The PIV transects were compared t with CFD transects at nearly identical dorso-ventral 
positions (Fig. 3-4). Again, PIV and CFD shared salient flow characteristics. Clearly visible 
near the anterior body was an area of elevated vorticity in the boundary layer enveloping the 
head and yolk sac. This boundary layer separated at the eyes and remained close to the body 
until it was disturbed by the highly unsteady flow generated by tail beat. Also visible along the 
anterior half of the body was the drag wake that formed at the widest point of the larva at the 
protruding eyes and yolk sac. This drag wake extended posteriorly from the head and yolk sac 
and co-determined the flow along the posterior body. Along the posterior body, the model also 
correctly predicted the undulation-based vorticity regions. These regions formed halfway along 
the body, strengthened as they moved down the tail, were finally shed at the tail tip and formed 
a distorted vortex ring, which appeared as vortex pairs in the horizontal cross-section of the 
flow field (medio-frontal plane) (Fig. 3-4). Each lateral tail beat produced one vortex pair in the 
horizontal cross-section. In conclusion, CFD accurately predicted the topology and time course 
of the flow patterns over a tail beat cycle. 
 
 
3.3.3 Pressure distribution and hydrodynamics of the flow near the 
larva 
CFD can quantify flow characteristics that are difficult or impossible to measure, such as 
pressure and shear distributions on the fish body that are important stepping stones towards 
understanding the hydromechanics underlying cyclic swimming. Figure 3-5 shows the 
time-dependent relationship of body deformation, jet flow and surface pressure within one tail 
beat cycle. 
An episode of cyclic swimming was modelled, in which the body wave length was 1 L. As 
the body wave travelled down the body, the deepening wave troughs caused negative-pressure 
regions and the growing crests caused positive-pressure regions near the inflexion points of the 
body wave (Fig. 3-5: emphasized by blue and red stippled lines indicating corresponding 
regions in the dorsal and lateral view). Note that the negative-pressure peaks were located more 
distally (at the finfold), while the positive-pressure peaks were located more centrally (half-way 
along the dorso-ventral extent on the body) (Fig. 3-5: dorso-ventral distributions are only visible 
in the lateral views, not the dorsal view). Negative-pressure and positive-pressure regions 
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always appeared in pairs near an inflexion point of the body wave, where the angle between 
body surface and the forward direction of motion of the CM was maximal (Fig. 3-5 sketch). 
This position at the inflexion points of the body wave ensured that the force on the body due to 
the pressure differentials across the body had a substantial thrust component. Overall, the 
posterior body generated the highest force peaks and supplied most of the thrust, consistent with 
findings of other CFD models that evaluated pressure and shear stress in adult fish (Borazjani 
and Sotiropoulos, 2008; Reid et al., 2012). 
With a body wave length of 1 L, there were two pairs of high-pressure regions on the fish 
body at any given time (Fig. 3-5 sketch). The resultant force of the two pairs caused a slight 
yaw around the CM near the yolk sac – note that the position of the CM fluctuated slightly in 
the fish frame of reference due to the body undulations. 
The pressure differentials across the body caused jet flows, most prominently towards the 
troughs of the body wave. The jets first formed just posterior of the yolk sac, pointing in a 
medio-rostral direction (Fig. 3-5: flows (1) to (3) at 1/6T to 3/6T). As the trough jets travelled 
posteriorly, they increased in speed and their flow direction changed gradually to a 
medio-posterior orientation (Fig. 3-5: highlighted flows (4) to (5) at 4/6T to 5/6T). By the time 
the trough jets reached the tail and were shed, strong jets also became visible at the crests (Fig. 
3-5: highlighted flows (6) and (7) at 6/6T and 1/6T). These backward jet flows were a testament 
to the pressure differentials across the body that pushed the larva forward. 
To show the close relationship between jet flows and vortex ring structures, 12 vertical 
(Fig. 3-6: panels YZ1 to YZ12) and 5 horizontal cross sections were selected (Fig. 3-6: panels 
XZ1 to XZ5) that illuminate the flow structures surrounding the swimming larva. Two 
undulation-based jet flows formed at the two crests and troughs (Fig. 3-6: jet flows 1 and 2). 
Both in horizontal and vertical cross sections, the jet flows were sandwiched by vorticity 
regions of opposite rotation. This vorticity pattern indicated that two incomplete vortex rings 
(Fig. 3-6: rings Ra and Rb) had already formed near the larval body, with a jet flow (Fig. 3-6: 
golden arrows JF1 and JF2) located in the centre of the ring structure. The two vortex rings 
touched each other near the inflection point of the body wave (Fig. 3-6: panel YZ9). This close 
proximity might cause the flows of the two vortex rings to interact as indicated by the blue 
arrows in the central panel of Figure 3-5. In the vertical cross sections, the YZ vorticity showed 
that the two vortex rings were clearly separate entities at the point of contact of the two rings 
(Fig. 3-6: panel YZ9). However, no such separation between the vortex rings was visible in the 
XY plane (Fig. 3-6: panel XY0). 
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3.3.4 Vorticity distribution and wake topology 
To describe the wake topology, iso Q-surfaces were used. These surfaces helped to identify 
vortex rings in a wake. Figure 3-7 shows the computed stable wake patterns as iso-surfaces of 
the second invariant of the velocity gradient tensor. The Q-criterion was defined as
)( 2221 Φ−Ω=Q , where Φ and Ω denote the symmetric and asymmetric parts of the velocity 
gradient, respectively,  is the Euclidean matrix norm (Hunt et al. 1988). The iso-surfaces 
(all displayed iso-surfaces were generated after nine tail beat cycles, thus time > 9T) were 
coloured by contours of flow velocity, which made the higher flow speeds of the central jets 
stand out at the centre of each vortex ring. 
As the crests and troughs reached the tail tip, the jet flows and their vortex rings were shed 
in the wake, each ring now forming a complete loop. Newly shed vortex rings were prominent 
and initially remained closely together (Fig. 3-7: see rings A and B at 1/5T; see rings B and C at 
3/5T), but then gradually drifted apart as they moved away from the path of motion under their 
own momentum (Fig. 3-7: separation of rings A and B at 1/5T-3/5T; separation of rings B and C 
at 3/5T-5/5T). The process of separation led to the patches of XY vorticity being stretched 
before the vortex rings separated completely. This process manifested as vortex rings that were 
initially stretched towards the path of motion rather than forming perfect tori (Fig. 3-7: left 
column), before vorticity dissipated sufficiently in these stretched regions to cause incomplete 
(U-shaped) tori in the more mature wake (Fig. 3-8). 
  In this cyclic swimming case, the wake comprised a staggered array of vortex rings along the 
mean path of motion. Unlike the single chain of vortex rings reported for adult carangiform 
swimmers (e.g. Blickhan et al., 1992), wake structures in this case comprised double-row vortex 
ring structures, which agreed roughly with the extrapolation from experimental results by 
Müller et al. (Müller et al., 2008). Vortex rings in the same row were parallel to each other, but 
they were neither parallel to the mean path of motion nor to the rings of the contra-lateral row. 
The vortex rings continued to drift away from the mean path of motion under their own 
momentum as vorticity diffused and flow speed declined over time due to viscous effects. 
 
 
3.3.5 Body wave shape & swimming performance 
To study the effect of body wave shape on swimming performance, the width of the amplitude 
envelope was varied between 0.6 and 1.4 times the experimentally observed value during cyclic 
swimming (Fig. 3-9). All studied cases reached their final swimming speed after approximately 
15 tail beats (Fig. 3-9A). Our model predicted that increasing the body wave amplitude causes a 
monotonic increase in swimming speed, power, hydrodynamic efficiency as well as energy 
requirement per unit distance (UDC, unit distance consumption) (Fig. 3-9). UDC was defined as 
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the ratio of non-dimensionalised power to non-dimensionalised speed: 
                  *
*
V
PUDC total=
 
(3-9) 
Note that UDC only takes into account hydrodynamic power requirements but not muscle or 
metabolic terms. An optimal amplitude was not observed within the examined range of 
amplitudes that would maximize any of the considered performance criteria. Swimming speed, 
power and power requirements per unit distance (UDC) were proportional to body wave 
amplitude. Of the four examined optimization parameters, only efficiency showed a strong 
slowing trend: decreasing the amplitude by 40% caused a 0.09 drop in efficiency while 
increasing the amplitude by 40% caused only a 0.01 increase in efficiency (Fig. 3-9D). It was 
concluded that, first, that the hydrodynamic efficiency of experimentally observed amplitude 
was close to the predicted maximum efficiency attained at the highest wave amplitude. Second, 
fish can increase their swimming speed by increasing their body wave amplitude; our data 
suggest that fish larvae might be limited in their swimming speed more by physiological (e.g. 
muscle strains) and morphological (e.g. mechanical limits to body curvature) rather than 
hydrodynamic constraints. Third, increasing swimming speed through increasing body wave 
amplitude increased power and power consumption per unit distance. For fish larvae, swimming 
faster means proportional increases in hydrodynamic power requirements and transport costs. 
So, an increase in efficiency came at the price of increased power requirements. Fish larvae 
appeared to use a body wave amplitude during cyclic swimming that struck a balance between 
desired speed, efficiency, and available muscle power rather than to choose an amplitude that 
purely maximised hydrodynamic efficiency. 
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Figure 3-1. Kinematic input data for cyclic-swimming simulation. (A) Body axes for 9 
successive tail beats derived from a high-speed video of 1000 fps (cf. Müller et al., 2008: Fig. 4). 
The only midlines shown are those at the moment when the tail tip reaches a lateral extreme 
(see table). (B) Amplitude envelope of the body wave. Shown are all midlines obtained for this 
swimming bout (black lines), relative to the head of the fish. The envelope at 11 equidistant 
points (red diamonds) was sampled to obtain an average envelope (red line) as input for the 
cyclic swimming computations. 
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Figure 3-2. Computed speed of the centre of mass of the fish model for two amplitude 
envelopes (average envelope: red line; 1.1×average envelope: purple line). The computation 
was started with the centre of mass at rest. Once a constant tail-beat average swimming speed 
was established after 9 tail beat cycles, the average computational speed equalled 16 Ls-1 
(average envelope) and 17.5 Ls-1 (1.1×average envelope), which is close to the experimentally 
observed speed of 18±2 Ls-1 (black line with grey boundaries) (Müller et al., 2008). 
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Figure 3-3. Comparison of CFD and experimentally observed vorticity patterns. A comparison 
of horizontal sections through the CFD vorticity patterns at four different dorso-ventral levels 
within the fish larva (A to D) (for exact dorso-ventral position see inset) shows that the 
experimentally obtained flow field (E) does not transect the larva in the medio-frontal plane, but 
slightly below. 
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Figure 3-4. Comparison of CFD and experimental flow patterns generated during cyclic 
swimming. The computational results are shown the medio-frontal plane (left column) and 0.6 L 
below medio-frontal (centre column), which corresponds closely with the position of the 
experimental PIV plane (right column). Slight differences arose between CFD and PIV results 
because the actual fish made a weak turning manoeuvre while the modelled fish swam perfectly 
cyclically (symmetric amplitude envelope, identical tail beats). Furthermore, PIV is less able 
than CFD to capture strong gradients. 
  
Chapter 3  Forward Cyclic Swim                                         39 
 
39 
 
 
 
Figure 3-5. Temporal relationship between body deformation, jet flow and surface pressure 
within one swimming cycle (1/6 ~ 6/6 T). Top panel: CFD results; bottom panel: sketch of 
salient features; S indicates a negative pressure region, and P a positive pressure region. The 
combination of these pressure regions with the local body orientations generate force vectors 
with a considerable thrust (i.e. forward) component. 
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Figure 3-6. 3D structure of the body flows during cyclic swimming – spatial structure. Twelve 
vertical and five horizontal cross sections through the fluid field around the larva are shown plus 
a sketch of the flow pattern at one moment during the cycle. In each cross section, the positive 
direction of vorticity is anti-clockwise in the plane. Jet flows (JFs) on the body are labelled JF1 
and JF2, incomplete vortex rings are labelled Ra and Rb. The faded vortex ring behind Rb in the 
sketch represents a vortex ring shed in the wake. Previously shed vortices are not shown. 
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Figure 3-7. 3D structure of the wake during cyclic swimming – temporal pattern over one 
period T of cyclic swimming. Left: iso-surface of vort = 40 s-1 and vectors of flow velocity; 
Right: 2D Vorticity in medio-frontal plane (i.e. halfway along the height of the body) and sketch 
of the jet flows (orange arrows) and vortex rings (orange rings A, B and C; only three rings 
indicated). 
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Fig. 3-8. Overview of wake pattern during cyclic swimming. Iso-surfaces of Q = 0.02 are 
coloured by fluid speed and semi-transparent. All displayed iso-surfaces were generated after 9 
tail beat cycles from the start. 
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Figure 3-9. Predicted effect of body wave amplitude on five different performance indicators of 
cyclic swimming. The studied body wave amplitudes were of 0.6, 0.8, 1.0, 1.2 and 1.4 times the 
experimentally observed value. (A) A family of swimming speed curves for five wave 
amplitudes. Higher amplitudes lead to higher average swimming speeds as well as larger cyclic 
variations in speed. (B) – (E) show mean speed during cyclic swimming (>9 tail beats after the 
initiation), mean non-dimensional power, mean efficiency, and mean energy cost per unit 
distance (UDC, eq. 3-9) as a function of normalized wave amplitude. 
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Table 3-1. Swimming parameters characterizing cyclic swimming. 
 
 
 
 
 
Table 3-2. Comparison of key parameters between experiment and CFD predictions.  
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Chapter 4  
On the propulsive role of the edge vortices along 
the dorsal and ventral fin folds of larval fish 
 
 
4.1 Introduction  
Fish adopt diverse physical structures and swimming styles to generate thrust during forward 
locomotion. Thrust is produced under different mechanisms that are generally classified into 
lift-based and drag-based models (Blake, 1981; Vogel. 1994). Lift-based mechanisms require 
appropriately shaped hydrofoils and small attacking angle to the flow to establish circulation, 
and comparatively higher Reynolds number condition is needed to make lift-based mechanisms 
effective (Vogel. 1994). In contrast, larval fish in lower Reynolds number prefer drag-based 
mechanisms, producing forces by resisting the large-amplitude waves of body-caudal fin 
undulation passing along the body (Webb & Weish, 1986; Vogel. 1994). The body and tail 
undertake comparatively larger curvature so that each section can more efficiently push the 
water backward relative to the direction of motion. Such swimming movements are described as 
anguilliform (Webb & Weish, 1986; Osse & van den Boogaart, 1995).   
    As grow up, the larva not solely changes the swimming style, but also change the body 
structure. The larval swimming type usually changes at a length of less than 10 mm into adult 
swimming type (Osse & van den Boogaart, 1995).  
    Besides the swimming style, for the larval fish, another critical feature is the finfold. Most 
teleost fishes possess a larval finfold at some moment in their life history (Kendall et al., 1984), 
however, the major part of the fin-fold will be resorbed shortly afterwards (van Snik et al., 
1997; Fukuhara, 1985). Since teleost fish has comparatively small yolk-sac (Osse et al. 1997) 
but still divides finite energy/substance to build the fin-fold, fin-fold is hypothesized as an 
adaption for locomotion at lower Reynolds numbers (van Snik et al., 1997), as well as 
improving respiration (van Snik et al., 1997). 
    Experimental research has difficulty to measure the surface stress on a swimming fish, 
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while computational research provide new access to the surface stress, however, few 
computational research provided the detailed distribution of the surface stress and only focus on 
the wake, despite that the surface stress was also a product of the computation. So far, most 
researches focus on the vortex structure in horizontal plane and few on the vertical plane.  
    Under similar Reynolds number condition, flying insects are found to generate attached 
leading edge vortex for extra lift (e.g. Dickinson and Gotz, 1993; Birch et al., 2004; Liu and 
Aono, 2009; Sane, 2003), which is a phenomenon out of two-dimensional theory. Therefore, a 
quantitative high-resolution three-dimensional insight of the flow pattern and stress on a 
swimming larval fish is required to fully access the swimming mechanism of fish larvae. This 
study provides not only confirms the propulsive role of fin-fold, but furthermore uncovers that 
the larval fish produces complex vortex pattern on its upper and lower edge and considerable 
thrust by flow-separation mechanism which exceeds the estimation of two-dimensional theory.  
 
 
 
4.2 Material and methods 
The free-swimming model introduced in Chapter 2 was used. The fish surface model in this 
chapter had a much finer (one order of magnitude higher) grid resolution than the other chapters 
for detailed flow structure on the fish body, which was modified from the shape of larval 
zebrafish (Danio rerio, Hamilton, 1822), and defined to be dorso-ventrally and bilaterally 
symmetric (Fig. 4-1(a)). The height between the ventral and dorsal edge of the fin fold of the 
surface model is constant, except for the rounded tail tip. The input deformation of the 
longitudinal axis of the fish model followed a sinusoidal deformation function (Fig. 4-1(b)), 
defined by  𝐴!"#$ 𝑥 = 0.272𝑥!, 𝜆!"#$ = 1.65𝐿!"#$,               (eq. 4-1) 
with amplitude along the body Afast, distance from the snout along the axis x, and length of the 
body wave λfast, and length of the fish model Lbody. This body wave was based on experimental 
measurement of a swimming zebrafish larva (Müller et al. 2008; Li et al. 2012).  
    The Reynolds number of the simulation was defined as  Re = 𝜌!"#$%𝐿!"#$𝑣!"#/𝜇!"#$%                   (eq. 4-2) 
where 𝜌!"#$%  is the density of water, 𝑣!"#  is the average speed of CoM during stable 
swimming, and 𝜇!"#$% is the viscosity of water. Based on a selected experimental observation 
(Müller et al. 2008), 𝑣!"# was 18 Lbody/s and 𝐿!"#$ is 3.8 mm. At 27℃, the corresponding Re 
was 312 (≃102.5). To make a systematic survey in the intermediate flow regime, swimming was 
simulated at Reynolds numbers of 101.5, 102.0, 102.5 and 103.0 by changing μwater while keeping 
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other parameters constant. Thus, all simulations had the same reference speed, enabling us to 
study the effect of Reynolds number on the distribution of the pressure and shear stress on the 
body, and hence the drag and thrust per unit length along the body. 
 
 
 
4.3 Results 
(a) Effects of Reynolds number on swimming speed and efficiency 
Table 4-1 shows an overview of the computed swimming performance of the simulated cyclic 
forward swimming of larval fish at Reynolds numbers 101.5, 102.0, 102.5 and 103.0. The Re 
corresponding to the experimental observation was 102.5. At Re is 102.5, the computed cyclic 
non-dimensional average swimming velocity was 0.912 reference speed, indicating that the 
modified model had a similar performance as the experimental fish (experimental speed was 
defined as unit reference speed). Assuming that changes in Re were only due to a variation in 
μwater, the data provided in Tab 4-1 show that an increase of µwater (and thus lower Re) 
decreases the average swimming speed, whereas the fluctuations in swimming speed increase. 
The model fish had to generate more thrust and power to maintain cyclic swimming at a lower 
Re. In addition, the fluid dynamic efficiency dropped with a decreasing Re while the cost of 
transport increased sharply. 
 
(b) Edge vortices and resultant stress distribution 
A selection of vertical cross-sections through the generated flow field during a cyclic swimming 
cycle (Fig. 4-2(a)), clearly shows pairwise vortex structures along the upper and lower edge of 
the fin fold. These paired dorsal and ventral edge vortices were located between two adjacent 
peaks of the body wave; thus for every quarter wave length along the body there is one vortex 
pair. During cyclic swimming, up to three edge-vortex pairs are simultaneously present along 
the fish (1Lbody = 2.4 quarter wave length). An edge vortex started anteriorly on the fin fold (see 
Fig. 4-2(a), 0/4T, number 1), and passed down the body. The edge vortex remained largely 
attached on the fin-fold edge, because new vorticity was continuously created while older parts 
of the edge vortex were shed (e.g. parts number 4 and 5 in Fig 4-2(a), 0/4T were shed while 
young parts were attached). The life cycle of a single edge vortex exceeded one tail-beat period 
At the tail, the edge vortex is shed into the wake where it contributes to the vertical part of the 
generated vortex ring (Fig. 4-2(a), 0/4T, number 6-7).  
  The magnitude of the vorticity of the edge vortices is one order of magnitude higher than  
the vorticity generated in the mid-horizontal plane. These important vorticity regions were not 
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observed in most experimental and computational studies of larval swimming because they 
focussed on horizontal vorticity fields in the boundary layer and wake yielding results similar to 
the upper section of Fig. 4-2(b). The edge vortex structure in a PIV experiment was visualized. 
Our simulation result shows a good agreement with the experimental observation (Fig. 4-3). 
  The simulation also provided the distribution of the pressure and shear stress on the body and 
showed that the edge vortex was directly related to the pressure distribution (Fig. 4-2(c), P: 
pressure; S: shear; maps are shown for the left body surface and the opposite side was same to 
left surface with half cycle interval). The distribution of the pressure shows an asymmetrical 
pattern on opposite sides of the body: strongly negative pressure regions are located adjacent to 
the dorsal and ventral edge vortices (Fig. 4-2(c)), while at the opposite side the pressure is 
positive with the highest pressure occurring halfway along the height of the fish. 
  The shear stress along the body is generally negative. Strongest negative values occur in the 
tail region due to the high local velocity gradients, while the latero-frontal part of the head 
experience also fairly negative values (panel 3 of Fig. 4-2(b)).  
  Figure 4-2(d) shows the streamlines and pressure field of one typical cross-section halfway 
along body (three-dimensional streamlines of the entire body are provided in the Fig. 4-4). Due 
to the lateral motion of the cross-section, streamlines start at one side on the body and end at the 
opposite side of the body. Likewise, at each fin-fold tip a ring-shape streamline is present. The 
streamline pattern illustrates the flow separation and circulation present around the dorsal and 
ventral edges of the fin fold. The pressure is strongly negative inside each edge vortex. Due to 
the flow separation and re-attachment around the edges of the fin fold, low surface pressures 
occur at the ‘suction sides’ along dorsal and ventral fin fold. At the opposite (‘pushing’) body 
side, a high pressure centre occurs halfway along the height of the cross-section.  
  The pressure difference between both sides of the body produces almost all the thrust, 
whereas the shear stress on the body produces most of the drag. In the following sections, how 
drag and thrust are distributed over the body is discussed. 
  
(c) Distribution of pressure-based thrust on cross-sections along the body 
Let's now examine how the pressure difference between both sides of the body contribute to the 
drag-based thrust at four selected locations along the body (Fig. 4-5), and how this depends on 
the value of Re. Over the height of the cross-section, the mean thrust per unit area (ST,avg*) from 
the computed left-right pressure difference over the tail-beat cycle is shown. Figure 4-5 shows 
the distribution of ST,avg* for the four cross-sections and the five Reynolds numbers. The 
distribution shows two high peaks near the edges of the fin fold and for the mid-body, 
depending on Re and location of the cross-section, a shallow maximum or just a minimum. At a 
low Reynolds number, the peaks at the fin fold contribute a larger portion to the thrust and 
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while the peaks are located further from the edges, At a large Re, the overall level of ST,avg* 
dropped while the peaks of ST,avg* at the fin fold were relatively weaker.  
 
(d) Force distribution along the body of a cyclic swimming larval fish 
  For the considered five different Reynolds numbers, Fig. 4-6 shows the distribution along the 
fish of the forward component of the period-averaged force per unit length due to (1) the 
non-dimensional pressure and (2) shear stress (colour codes curves in panels a and b), as well as 
the sum of these components (panel c). The pressure-force curves represent form drag (negative 
values) and thrust (positive values) per unit length, while the shear-force curves represent the 
friction drag per unit length. Since cyclic swimming is considered, the pressure and viscous 
forces for the whole fish are balanced over a complete tail-beat cycle. The absolute value of 
both the pressure and viscous force increases with a decreasing Re, in agreement with the 
increasing fluctuations in swimming velocity. 
  At all Re, the pressure-force curves are positive posterior to the CoM, indicating that thrust 
was generated along the body from the CoM to tail tip. The highest pressure force per unit 
length occurs at the tail (at about 0.95 Lbody). The medium part (0.3–0.8 Lbody) contributes 
sufficient thrust to overcome local viscous drag (Fig. 4-6(c)). Only the frontal part of the body 
experiences form drag. which increase with Re and swimming speed. Overall, form drag is 
comparatively small. 
  The viscous force curves are negative along the entire body, indicating that viscous forces 
only contribute to friction drag and not to thrust. Although the pressure related thrust per unit 
length is relatively high just in front of the tail tip due to the large local undulation amplitude of 
the body, friction drag is even higher, resulting in a negative net propulsive force near the tail 
tip (0.975–1 Lbody Fig. 4(c)) over the tail-beat cycle. The effect of this net drag contribution is 
however small because it occurs over a very short length range; overall the tail contributes 
considerably to net thrust. 
 
 
 
4-4. Discussion 
 
(a) Difference between traditional model and two-dimensional model)  
The traditional theory for estimating the thrust of large-amplitude fish swimming is Lighthill's 
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large-amplitude elongated body theory (EBT) (Lighthill, 1971), which doesn’t include 
three-dimensional and nonlinearly viscous effect. As shown in our simulations, the swimming 
of larval fish does not meet several simplifying assumptions for EBT, such as viscous effects 
and flow separation and reattachment of flow crossing upper and lower edge of the fin-fold.  
     Our simulation ,provided the detailed thrust generation rather than a total estimation by 
EBT, showing that at least in all simulated cases at Re=101.5~103.0, thrust was generated at 
almost all cross-section posterior to CoM (see Fig. 4-6). Thus the power consumed at these 
cross-section for large undulation amplitudes was significant to produce thrust rather than being 
wasted. Furthermore, at Re around 100, the effect of edge vortices are important origin of thrust 
generation on all cross-sections. 
     The result proofs the significant propulsive function of the finfold for larval fish, 
furthermore, it demonstrates a propulsive mechanism adopted at lower Reynolds number based 
on the vorticity at the upper and lower edges of the larval fish. Since the exclusion of edge 
vortex effect, it would be hostile for EBT and all two-dimensional theoretical, computational 
and experimental methods to accurately estimated the larval fish swimming.  
 
(b) The propulsive role of fin fold at a low Reynolds number 
Figure 4-5 suggests that under drag-based mechanisms, thrust was only transformed from the 
pressure (normal to the fish surface) component of drag exerting on the cross-section. In order 
to produce thrust, the fish undertake comparatively larger curvature so that the efficiently 
pressure component of drag exerting on each cross-section can efficiently produce thrust. Also, 
a long body can be beneficial. However, the substance/energy in the egg to build the fish is 
limited. While developing a elongated body, the larval fish also need to generate cross section 
easy to produce more pressure drag-which is used for transforming into thrust. 
    Fin-fold is such a solution to the trade-off. With limited substance cost, finfold built a 
vertically tall but laterally thin cross-section, furthermore, it also shaped sharp upper and lower 
edges of the cross-section, which is quite important to generate flow separation specially at 
lower Reynolds number. 
  
(c) The stability of the edge vortex of larval fish swimming  
The edge vortex structure of larval fish's fin fold shown no evidence of instability before the 
structure eventually reach the tail tip. Though the previous studies on the stability of leading 
edge vortex (LEV) of insects discussed the necessary attacking angle to keep the edge vortex 
from shedding, a critical difference is, in this research it is revealed the edge vortices of a 
undulating body, unlike a LEV of a flapping wing being fixed on the same position of the wing, 
the edge vortices of a undulating body is dynamic, it moves with the body wave, keeping 
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generates at new position and shed at old position, the refreshing may ensure the stability of the 
vortex structure. 
    Furthermore, another explanation may comes from the inequivalent definition of the 
reference length. Just like the majority of other fish locomotion studies, we are using the total 
length (snout to tail tip) as the reference length when defining the Reynolds number, while in 
most fluiddynamic experiments chord and diameter were respectively used for wings and 
cylinders. Hence, for an equivalent comparison with the flow pattern around a vertical 
cross-section, the height of the larval cross-section should be used as reference length, resulting 
in a Reynolds number (Rediameter=100.5~102) that is one order of magnitude smaller that the Re 
based of fish length. According to previous fluid dynamic studies, cylinders and plate in cross 
flow at such Reynolds numbers could generate steady separation, suggenting that the vortex is 
comparatively difficult to shed.  
 
(d) A comparison with leading edge vortex studies 
This study presented a propulsive mechanism based on flow separation and reattachment on the 
upper and lower edge of the fish body, which differens from the studies of the leading edge 
vortices (LEV) above the wings of flying creatures, as well as the computational research on 
LEV of fish swimming by Borazjani (Borazjani and Daghooghi, 2013). Similar to our findings, 
these studies show that the presence of an edge vortex increases the force perpendicular to the 
surface. However, a distinguishing difference was, on the undulating larval fish body, there 
simultaneously and continuously generated several pairs of edge vortex structures, the 
undulating body resulted in much more complicated edge vortex structure than a flapping 
wing/tailfin with rigidity or limited flexibility. Also, our study was on drag-based propulsion 
while all others were about lift-based mechanisms. Since the cross-section of larval fish moved 
perpendicular to the flow, there was no disparity of leading or tailing for upper and lower edges, 
and the functional edge vortex was in pairs. By using a fish model with a uniform fin-fold 
height,  all delta wing effects were excluded in our simulation and the edge vortex was still 
observed.  
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Figure 4-1. Fish model and deformation. (a) The fish surface model was modified from the 
shape of larval zebrafish and defined to be dorso-ventrally and bilaterally symmetric. with 
constant height between the ventral and dorsal edge of the fin fold; (b) The input deformation of 
the longitudinal axis of the fish model followed a sinusoidal deformation function, defined by 
Eq. 4-1. 
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Figure 4-2. Edge vertices and stress (a) vertical vorticity in one cycle, numbers tracks the history of one 
vertex pair; (b) horizontal plan vorticity; upper panel uses lower threshold similar to experimental 
observation, while lower panel uses same scale bar as (a), indicating the edge vortices are quite strong and 
form inside the boundary layer; (c) surface stress, P denotes pressure and S denotes the shear; (d) 
streamline and pressure field, green dots are seeds for streamlines. 
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Figure 4-3. Comparison between vertex structures measured in experiment and simulation. 
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Figure 4-4. Streamlines in world frame of reference, corresponding to Fig.4-2 (d). 
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Figure 4-5. Mean thrust per unit area at four selected transverse sections along the finfold. The 
colours correspond to the listed Reynolds numbers.  
Chapter 4  Propulsive Role of Edge Vortices                             61 
 
61 
 
 
Figure 4-6. Force distribution along fish body. δpres*: pressure component; δshear*: shear 
component;  δtotal*: total force.   
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Re 101.5 102.0 102.5 103.0 
U*  0.26 0.53 0.91 1.40 
CT 0.081 0.062 0.046 0.036 
CP 0.41 0.23 0.16 0.12 
η 0.044 0.13 0.26 0.41 
UDC 1.84 0.50 0.18 0.087 
 
Table 4-1. An overview of the computed swimming performance of the simulated cyclic 
forward swimming of larval fish at Reynolds numbers 101.5, 102.0, 102.5 and 103.0 
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Chapter 5  
Force Generation and Flow Pattern during 
Spontaneous C-start 
 
 
5.1 Introduction  
Although cyclic swimming may be common during migrations in open water and in early larval 
stages (Hunter, 1972), most fish swimming behaviours are not steady. Fish usually do not 
maintain a constant swimming speed and direction for many minutes, but they turn regularly 
and rely on burst-and-coast swimming (Blake, 1983; Müller and van Leeuwen, 2004).  
The kinematics of non-cyclic BCF swimming, in particular C starts, have been studied 
extensively in adult fish (for reviews see Videler, 1993, and Domenici and Blake, 1997). There 
is a growing body of literature also on the hydrodynamics of swimming (for a review see 
Lauder and Tytell, 2006; Lauder, 2011). However, hydrodynamic studies have focused on 
cyclic swimming more so than non-cyclic behaviours (Wolfgang et al., 1999; Müller et al, 
2008; Tytell and Lauder, 2008; Gazolla et al., 2012).  
So far, computational studies of swimming hydrodynamics have focused mainly on cyclic 
swimming and adult fish; far fewer studies address unsteady swimming behaviours in larvae 
(Gen et al., 2011, 2012, 2014; Gazolla et al., 2012).  
Here, let's once more apply the three-dimensional computational approach to model a fish 
larva swimming freely in a horizontal plane. The deformation of the model is based on detailed 
experimental data from a C start of zebrafish larvae (Müller et al., 2008), which provide both 
input and validation data for the model. By comparing the output of this computational model 
with experimental flow and kinematic data obtained for exact same body kinematics, this study 
provided a rigorous comparison of CFD and experiment. The time- and space-resolved pressure 
and shear stress distributions on the body surface were computed, the fluid-dynamic power and 
efficiency, as well as the time course of the three-dimensional structure of the generated wake.  
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5.2 Materials and methods 
5.2.1 Free-swimming computational approach 
This study modelled swimming bouts of zebrafish larvae 5 days post-fertilization (dpf), with 
body lengths of 4.4 mm (see Fig. 2-1). The grid system, hydrodynamic and body dynamic 
models were same as introduced in Chapter 2. 
 
5.2.2 Fish deformation 
The analytical-function approach is used commonly in computational modelling and is useful 
for parameter space mapping. However, more complex time-dependent functions are required to 
model burst-and-coast swimming or starts, when the characteristics of the body wave change 
from one tail beat to the next. To model C starts, the play-back module was developed, which 
used the observed body waves as input for the CFD model. This method not only readily 
reflected changes in body wavelength and speed, but it also facilitated a direct comparison 
between simulations and experimental results. 
 
5.2.3 Parameters to Characterize Flow Conditions 
The ratio of inertial to viscous forces is expressed by the Reynolds number (Re=UL/v), where U 
is the relative speed to the surrounding water, L is the body length of the fish, and v is the 
kinematic viscosity of water. Two speed averages was used, one for the CM and one for the tail 
tip, the body part that usually moves the fastest in an earth frame of reference, to compute an 
average Reynolds number as follows: 
 ν2
)( LUURe tailCMEXP
+
=   (5-1) 
where UCoM is the final mean speed of CM and Utail is the final mean speed at the tail tip; ReEXP 
is the experimentally observed Reynolds number used in the CFD computations. All 
computations were carried out a at ReEXP = 550.  
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5.3 Results and discussion 
5.3.1 Validation of the model: kinematics 
In the swimming event shown in Fig. 5-1, a 5 dpf zebrafish larva spontaneously initiated a 
swimming bout with a turn (spontaneous C start). During the first tail beat (preparatory stroke), 
the larva bent its entire body into a C shape. During the subsequent tail beat (propulsive stroke), 
the larva accelerated forward. Following the C start, the larva continued to swim for another 5 
tail beats, while tail beat amplitude and swimming speed continually declined until the larva 
kept its body straight after the seventh tail beat and began to coast. The initial phase of this 
swimming event (0 to 70 ms) was published in Müller et al. (2008). 
To compute a start, the fish model was drove using the play-back module, which derived the 
fish’s body undulations directly from the experimental data. The computational trajectory of the 
larva’s CM closely resembled the experimental trajectory during the entire swimming bout (Fig. 
5-2). The preparatory stroke (tail beat 1: 0-23 ms) resulted in only a slight lateral translation of 
the CM (Fig. 5-2A; Fig 5-1: tail beat 1 from 0-27 ms). During the propulsive stroke (Fig. 5-2A; 
Fig 5-1: tail beat 2 from 27-50 ms), the CM was accelerated forward and the fish reached 
maximum forward speed. 
The largest differences in CM kinematics between the computational prediction and 
experimental observation occurred during the preparatory stroke of the C start: the computation 
predicted a 41˚ heading angle compared with 44˚ in the experiment; angular speed peaked at 
2.1˚ms-1 after 9 ms in the experiment, compared with 2.8˚ms-1 after 13 ms in the computation 
(Fig. 5-3C,D). CFD and experimental observation agreed well about magnitude and time to 
maximum speed (7.4 vs. 7.0 Ls-1 after 39 ms) (Fig. 5-3A). The propulsive stroke of the C start 
(tail beat 2) produced not only the highest speed and power but also the highest efficiency 
(Fig. 5-3B) compared with the other tail beats of this swimming bout. 
 
5.3.2 Validation of the model: flow 
The computational model successfully predicted the flow patterns and vorticity levels generated 
during a C start (Fig. 5-4). The preparatory stroke (10 ms) generated a strong jet flow towards 
the trough of the body wave plus two weaker jet flows adjacent to head and tail. The pressure 
differentials across the body that caused these jets also generated four patches of elevated 
vorticity along the body (Fig. 5-4: sketch, vortices 1-4), which later travelled down the body and 
shed at tail during stroke reversal. The good agreement between vorticity distributions and 
magnitudes of CFD and PIV flow fields suggested that the PIV transect was situated near the 
midline of the fish. 
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The computational model also correctly predicted the timing of the events, such as the 
splitting and shedding of vortex rings. Figure 5-4 shows a transect through the medio-frontal 
plane of the wake. In this cross-sectional view vortex rings appear as vortex pairs. Vortex pair 
“1&2” was shed during tail beat 1 at 30 ms, and another vortex pair “2b&3” was shed during 
tail beat 2 at 50 ms; vortex pair “3&4” was stretched, but not completely shed. These vortex 
pairs form in fact cross-sections through 3D vortex rings (see below). 
 
5.3.3 Pressure distribution and hydrodynamics of the flow during a C 
start 
During the preparatory stroke, two regions with an elevated pressure across the body formed 
along the larva’s body, one at the tail and one mid body (Fig. 5-5, 10 ms: colour contour panels 
Lp and Rp). The pressure region at the tail produced a force that caused the fish to turn 
anti-clockwise. It was shed at the tail during the propulsive stroke 25 ms after the initiation of 
the start, forming a jet that died off quickly (Fig. 5-5: jet 1). The pressure region at the mid body 
generated an opposite jet flow (Fig. 5-5: jet 2) that was most prominent in the trough of the C 
bent. During the propulsive stroke, this pressure region travelled towards the tail, and the jet 
flow into the trough gradually changed direction, from being initially perpendicular to the body 
until it pointed mostly posteriorly and ran parallel to the body by the time the jet reached the tail. 
As the jet travelled down the body, the flow speeds in the jet continued to increase, accelerating 
the fish forward. The pressure forces of the preparatory stroke mainly caused an angular 
acceleration of the larva that changed the larva’s heading. The pressure forces acting during the 
propulsive stroke mainly caused a translational acceleration of the larva’s CM, but they also 
counteracted the anti-clockwise rotation initiated during the preparatory stroke, ending the 
turning motion and putting the CM on an approximately straight path of motion.  
The larva not only generated pressures but also shear stresses (Fig. 5-5: colour contour 
panels Ls & Rs). The shear forces were lower than the pressure forces and mainly acted as drag. 
The largest shear forces arose at the head during the preparatory stroke, counteracting the yaw 
of the head, while the shear forces at the tail generated by the local jet flow were much lower 
and mainly acted as thrust. High shear forces also occurred along the finfold. 
Overall, the larva generated mostly rotational forces during the preparatory stroke, causing a 
change of heading. During the consecutive propulsive stroke, the larva generated 
(counteracting) rotational and translational forces, which ensured that the larva proceeded along 
the new heading without further changes in heading.  
 
5.3.4 Vorticity distribution and wake topology during a C start 
Figure 5-6 shows the 3D vortex pattern as iso-surfaces at Q = 0.02. Just like during cyclic 
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swimming, it was observed that vortex rings with central jets. The preparatory stroke shed the 
tail jet and its surrounding vortex ring (Fig. 5-6: vortex ring A; cf. Fig. 18: vortex pair “1&2”); 
the propulsive stroke shed the mid-body jet and vortex ring. Consistent with the angular and 
translational accelerations occurring during the generation of these vortex rings, the jet of the 
preparatory-stroke ring pointed slightly sideways and forward (Fig. 5-6); the jet of the 
propulsive-stroke ring pointed backward (Fig. 5-6). Both vortex rings quickly moved apart 
under their own momentum (Fig. 5-4: split of vorticity 2 and 2b). 
Previous findings on adult fish that the preparatory stroke already causes a translation (e.g. 
Weihs, 1973; Webb, 1976; Domenici and Blake, 1991) could not be confirmed. Instead the flow 
fields generated by the larva support the observed body and CM kinematics – the wake showed 
clear backward momentum only in the propulsive but not the preparatory stroke. Our findings 
however are consistent with those of another CFD study on larval fish (Gazzola et al., 2012), 
who computed similar wake and fluid force patterns based on the same experimental swimming 
sequence. This study also found that increasing the amplitude envelope increases swimming 
speed, consistent with our findings for cyclic swimming. 
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Figure 5-1. Kinematic input data for C start simulation. Body axes for 7 successive tail beats 
during a swimming bout that was initiated by a C start from rest (recorded at 1000 fps). The 
only midlines shown are those at the moment when the tail tip reaches a lateral extreme 
(labelled by tail beat number; letters “O” and “E” denote original and end positions, 
respectively). The table provides the times for each of the selected body axes. 
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Figure 5-2. Comparison of whole-body kinematics between experimental observation (red) and 
CFD (black). Left: Experimental (red) and computational (black) trajectories of the larva’s 
centre of mass (C.M.) during the swimming bout of Fig. 15; Right: Comparison of outlines of 
the actual (grey) and the model fish (red) at the start, at the end of the preparatory stroke (1st tail 
beat) and at the end of the bout. 
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Figure 5-3. Swimming performance parameter for a spontaneous C start and consequent 
swimming bout. (A) Computational (red) and experimental (black) speed of the fish’s centre of 
mass; (B) Fluid dynamic power and efficiency of the seven tail beats comprising the swimming 
bout; (C) Computational (red) and experimental (black) angular speed of the larva’s centre of 
mass; (D) Computational (red) and experimental (black) heading angle of the larva. 
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Figure 5-4. PIV and CFD vorticity field (colour map) and flow velocity (black arrows) of 
preparatory and propulsive strokes of a C start of a 5 dpf zebrafish larva. Major flow features 
are displayed in the sketches at the left and right hand side. The CFD-predicted flow fields 
resemble the spatial and temporal patterns in the experimentally observed flow. 
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Figure 5-5. Temporal relationship between body deformation, jet flow, surface pressure and 
shear flow within a C start. Each panel shows pressure (Lp, Rp) and shear stresses (Ls, Rs) 
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acting on the body for the left and right side of the body; in the lateral views the larva’s body is 
shown straight for clarity. Corresponding regions are indicated by stippled lines (red: positive 
forces, blue: negative forces). The C start generated strong jets (fat black arrows). Shear stresses 
are much lower than pressure forces; note the scale bars for both at the left edge of the figure. 
Rostrad shear force vectors are defined positive while caudad vectors are negative. Vertical 
shear force components are not included in this figure.  
Chapter 5  Spontaneous C-start                                         75 
 
75 
 
 
 
Fig. 5-6. 3D structure of the wake during a spontaneous C start – temporal pattern. Left column: 
Iso-surface of Q = 0.02 and flux vectors 30, 40 and 50 ms after the initiation of the C start, 
coloured by fluid speed; Right column: Accordant 2D vorticity in medio-frontal plane cross the 
middle height of the body and sketch of jet flows (orange arrows) and vortex rings (orange 
rings).  
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Chapter 6  
Escape trajectories are deflected when fish larvae 
intercept their own C-start wake 
 
 
6.1 Introduction  
 
Aquatic organisms use flow patterns generated by other organisms and inanimate objects to 
detect their presence – for example for prey capture (Miersch et al., 2011; Hanke et al., 2013; 
Pohlmann et al., 2001; Gardiner and Atema, 2014), to evade predators (Stewart et al., 2013; 
Heuch et al. 2007), to find mates (van Duren et al., 1998) or hosts (Heuch et al. 2007) – and to 
reduce swimming effort when swimming downstream from inanimate objects (Liao et al., 
2003a; 2003b) or in schools (Magnuson, 1978; Weihs and Webb, 1983; Herskin and Steffensen, 
1998). In these instances, organisms use flow patterns that they did not generate. Furthermore, 
aquatic organisms interact with wakes that they themselves have generated, such as bluegill 
sunfish, whose tail fin beats in the wake generated by its dorsal and anal fins (Tytell et al., 2008) 
and whose pectoral fins synchronize with opercular pumping (Tytell and Alexander, 2007). In 
such instances, fish control both the upstream and the downstream flow, and are speculated to 
enhance their swimming performance by modulating the phase between the interacting wakes.  
During escape-response C starts, fish tend to move away from the threat (Stewart et al., 2013; 
Budick and O’Malley, 2000; Domenici et al., 2011), which may require them to reverse their 
initial heading and thereby swim through their own wake. The most extreme case of such a 
heading reversal occurs in fish with elongate, slender bodies, such as eels and fish larvae, which 
can reverse their original heading within one tail beat cycle by bending their body far enough 
for the snout to approach or even overlap with the tail (Budick and O’Malley, 2000). Such an 
extreme reversal of heading might cause the head to traverse through the same flow region that 
was traversed by the tail at the beginning of the C start. In this case, the fish would encounter its 
own tail wake while or shortly after the tail wake is being shed. 
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A typical C start comprises at least 2 stages (stage 1 and 2), which can be roughly defined by 
the tail beat, with stage 1 defined by the first tail beat to one side, bending the fish into a C 
shape, and stage 2 defined by the second tail beat to the other side while the fish accelerates 
along its new path of motion (Webb PW, 1976; Jayne and Lauder, 1993; Spierts and van 
Leeuwen JL, 1999; Tytell and Lauder, 2002; Müller and van Leeuwen, 2004; Müller et al., 
2008). Fish shed a vortex ring at the end of stage 1 and stage 2. These two stages are followed 
by a more variable stage 3, during which the fish continues to swim away from the threat. The 
net change in heading (difference between initial head orientation and the new heading at the 
end of the stage 2 of a C start) is determined by the re-orientation of the head during stages 1 
and 2. During an extreme change in head orientation, the fish reverses its heading at the end of 
stage 1, followed by an encounter of its previously shed tail wake when it accelerates forward 
during stage 2. The body kinematics and flow patterns generated during a typical C start have 
been studied extensively in adult carangiform fish (Webb, 1976; Harper and Blake, 1990; 
Domenici and Blake, 1991; Eaton and Hackett, 1984; Niesterok and Hanke, 2013; Tytell and 
Lauder, 2008) and to a lesser extend in larval fish (e.g. Müller et al., 2008, Danos and Lauder, 
2007), including several computational studies (Li et al., 2011; Li et al., 2012; Gazzola et al., 
2012; Borazjani et al., 2012; Borazjani, 2013). 
During an escape response, fish change their heading and swimming speed (Eaton et al., 
1977; Domenici and Blake, 1997). Fish tend to escape away from the threat independent of 
initial orientation (Domenici and Blake, 1993). Trajectory angles typically range from 90° 
(sideways) to 180° (reverse), yet the distribution is not uniform across these preferred angles but 
solitary fish usually have a bimodal response with a peak near 180° (reverse) and 130° (away 
and sideways) (Domenici and Blake, 1993). The peaks of this bimodal distribution can be 
explained as a result of two escape strategies – maximising the distance to the predator (180°) 
and maximising the ability to sense the predator’s approach (90°) (Domenici and Blake, 1993), 
and bimodal distributions have been observed also in larval zebrafish (McHenry et al., 2014). A 
non-normal, yet non-random distribution was seen as a strategy of the prey to reduce the 
predictability of its response without unduly increasing the probability of escape trajectories 
toward the predator (Domenici and Blake, 1993).  
This chapter focus on C starts in zebrafish larvae. We modelled the escape response and 
resulting flow patterns of a zebrafish larva performing an extreme C start, based on the 
kinematic recordings of Budick and O’Malley (Budick and O’Malley, 2000). We predict that 
fish that reverse their heading during a C start will intercept their own wake. This wake 
interception will affect the fish’s escape performance. We explore how intercepting its own 
wake affects the fish’s escape performance and illuminate fluid dynamic constraints on the 
directionality of escape trajectories. 
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6.2. Material and methods 
 
6.2.1 Free-swimming computational approach 
This study modelled swimming bouts of zebrafish larvae 3 days post-fertilization (dpf), with 
body lengths of 3.8 mm (see Fig. 2-1). The grid system, hydrodynamic and body dynamic 
models were same as introduced in Chapter 2. 
 
6.2.2 Fish model and computational grids 
The computational model comprises a surface model of the fish to model the fish’s body wave, 
and a local body-fitted grid plus a global grid to model the flow patterns generated by the fish 
with sufficient resolution both in the near and the far field. The fish surface model was based on 
a larval zebrafish  5 days post fertilization (dpf). The radial width of body-fitted grid was 
defined to be less or equal to one third of the fish’s body length. The body grid had 20 radial 
layers at Re 200 and 2 000, and 60 layers at Re 6 000, with the radial width of the innermost 
layer adjacent to the body surface defined to be ≤ 0.1 L/ 𝑅𝑒, an empirical formula ensuring that 
the grid resolution near the fish body is suitably accurate for the flow condition (Li et al.,2012; 
Liu, 2009), where L is the body length of the fish and Re is the Reynolds number (in eqn 1). 
Hence, simulations at larger Re were run with a finer resolution of both the body and the global 
grids. Furthermore, the radial width of the body-fitted grid at each time step was co-determined 
by body curvature to accommodate the strong body deformations that occur during C starts – 
radial width varied in order to avoid overlap between nearby grid cells. To simulate the flow 
around the larva, the body-fitted grid was updated at each time step. 
 
6.2.3 Coordinates and directions 
To facilitate comparisons, all experimental C starts were re-oriented such that the fish swam in 
the horizontal plane and turned clockwise during the stage 1. Both fixed and dynamic frames of 
reference were used (Fig. 6-1). The earth frame-of-reference XearthYearth was defined by the 
initial position of the fish’s centre of mass (Oearth) as its origin and by the fish’s initial 
orientation defining the negative Yearth axis; the fish frame-of-reference XfishYfish was defined by 
the position of the fish’s centre of mass (Ofish), the Yfish axis points in the tangential direction of 
the trajectory of the CoM. At the beginning of the simulation, the origins of two frames of 
reference coincided, and the escape angle of the fish was defined as the azimuth between Yfish 
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and negative Yearth at the end of stage 2. 
 
 
 
 
6. 3 Results and discussion 
6.3.1 Kinematic results and validation 
The C start (120° turn) recorded by Budick and O’Malley (Fig. 4 in Budick and O’Malley, 2000) 
was simulated. The body axis sequence (Fig. 6-2) was imported into the solver, then compared 
the computational and experimental kinematic results (Fig. 6-3). Starting from an identical 
position and body orientation (the purple outline with CoM shown in figure 6-3a, EXP/CFD 
start), both the experimental and computational fish change the orientation of their head, 
reaching a similar maximum head angle (214° versus 202°) at a similar time (14 versus 13 ms) 
after the initiation of the C start (Fig. 6-3d). The angular velocity of the head peaked at 
approximately 25˚/ms roughly half way through stage 1 at about 7 ms (see Fig. 6-3c), and 
reached similar average values throughout the C start (e.g. average of 14.2˚/ms and 14.1˚/ms at 
11 to 14 ms). The experimentally and computationally obtained body orientations at the instant 
of the full C shape in Fig. 6-3a were in good agreement (see closely corresponding heading 
angles in Fig. 6-3d). Yet, small differences were observed in body position (Fig. 6-3a, black 
curve experimental fish, red curve computational fish) and escape speed (Fig. 6-3b). The 
experimental fish is shifted relative to the computational one due to subtle differences in body 
kinematics during stage 1, caused probably by the limited spatial and temporal resolution of the 
experimental data. This low resolution causes the simulation to underestimate peaks when the 
simulation interpolates between video frames. 
During stage 2 the fish generated a powerful acceleration (Fig. 6-3b). The experimental fish 
reached a maximum velocity in the escape direction of 46 L/s at 21 ms, while the computational 
fish reached a maximum velocity of 38 L/s at 20 ms. The latter was 17 % lower than the 
experimental result, again probably due to limited accuracy of the body shape tracking of the 
C-start. During stage 2 the rotational direction was reversed (compared with the stage 1) and the 
fish reduced its heading angle. By the end of the stage 2 at 24 ms, the heading angles were 
reduced to 88˚ and 81˚ in the experiment and the simulation, respectively (Fig. 6-3d). 
During the following stroke (third tail beat), both experimental and computational fish again 
reversed heading, turning clockwise, with heading angle peaking at 33 ms, and reaching a final 
escape speed of 19 L/s and a heading angle of 100˚ at the end of the sequence. As illustrated in 
Fig. 6-3a, the CoM trajectories of the computational and the experimental fish were similar, but 
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the computational fish was shifted to the left and covered a slightly smaller distance. On the 
whole, based on the similarity between experimental and CFD result, the computational model 
was considered capable of providing accurate results. 
 
6.3.2 Wake interception 
Figure 6-4 provides an overview of the computed flow patterns of the 120° turn, corresponding 
to previously published frames from the video (Fig. 4 in Budick and O’Malley, 2000). The left 
row shows the velocity field in the medio-frontal plane with local flow direction indicated by 
vectors. The right column shows the vorticity topology based on iso Q-criterion (Q = 0.1). The 
Q-criterion was defined as 
                         (Eq. 6-1) 
where Ω and Φ and denote the asymmetric and symmetric parts of the velocity gradient, 
respectively, ǁ‖ǁ‖is the matrix norm (Hunt et al., 1988). Positive Q iso-surfaces isolate areas where 
the strength of rotation dominates the strain, thus making those surfaces eligible as vortex 
envelopes (Dubief and Delcayre, 2000). The Q-criterion was selected for the visualization of 
vortices because it avoids the typical problems encountered by the pressure and vorticity 
criterion (e.g. in the case of large pressure gradients in the flow, or in the case of boundary layer 
flow with large forward velocity gradients in the lateral and vertical directions of fish surface). 
These iso-surfaces were coloured according to flow velocity, highlighting the faster flows of the 
central jets at the centre of each vortex ring. The diagrams in the middle column highlight the 
relationship between the jet and the vorticity structures. As the fish initiated the C start (0–7 ms), 
the fish’s body formed an ‘S’ shape because the larva’s posterior end was not stiff enough to 
follow the mid-body bending. At this initial stage of the stage 1, three major jet flows (J1–J3) 
formed near the tail, mid-body, and head (numbering follows convention in Tytell and Lauder 
(Tytell and Lauder, 2008), note that our J3 formed already in stage 1). These jets were each 
surrounded by a vortex ring (V1–V3). These vortex rings were connected, hence the horizontal 
cross section of the three vortex rings showed four vortices with alternating sense of rotation. 
This initial flow pattern was similar to flow patterns described in previous work (Müller et al., 
2008).  
As the fish completed stage 1 (7 to 14 ms), its body was bent so far that the tail almost 
touched the head. At 14 ms, the jet J1 generated by the tail (J1, highlighted by white dashed line 
in velocity field, left column of Fig. 6-4) was already shed (Fig. 6-4: left column, panel 2) and 
the larva’s head was approaching the jet. The jet J1 had an azimuth of approximately 100° to the 
Yearth axis, pointing the jet into the path of the head (the direction of flow in the centre of J1 is 
highlighted by a white arrow, Fig. 6-4: left column, panel 2). 
)( 2221 Φ−Ω=Q
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During the stage 2, the fish increased its acceleration considerably and produced an 
anticlockwise torque, speeding toward the wake J1. The fish intercepted and penetrated its own 
wake in the same time interval as it reached maximum swimming speed (see Fig. 6-3b, 
18–24 ms). When the fish enters the wake J1 (Fig. 6-4: 18 ms), the head intercepts the wake 
with the flow hitting the head in its side.. Between the fish first entering its wake and the fish 
penetrating the wake, the wake and the boundary layer of the fish merged and became 
indistinguishable by the end of the stage 2 at 24 ms. The momentum of the wake might have 
altered the trajectory of the fish. Furthermore, the interaction with the wake might have changed 
the velocity gradients near the fish’s head, thereby changing inertial and viscous drag on the fish 
and altering the acceleration performance of the fish during the stage 2. 
 
6.3.3 Wake-interception effect on escape performance 
To qualitatively explore the effect of the wake interception on the fish, two counterfactual 
simulations were ran, one to assess the force exerted by the wake on the fish, and another to 
assess the effect of the wake of the fish’s trajectory. To explore both effects, the flow field 
solution at 14 ms of the factual simulation presented in §6.3.1–§6.3.2 was obtained, and 
removed the wake. To remove the wake, the wake was approximated as a sphere with radius 
0.15L radius centred at the wake (white cross). The flow velocity and pressure were then set to 
zero in all grid cells containing the wake. The values within a 0.05L thick transitional zone 
along the sphere’s periphery was then dropped linearly to zero to avoid discontinuities in the 
flow field (Fig. 6-5b). Then, this preliminary solution was iterated until it was sufficiently 
convergent to the N-S equations. This converged solution was subsequently used as the 
‘artificial’ initial condition for the counterfactual simulations, in which wake interception was 
prevented (Fig. 6-5a). 
To assess the force exerted by the wake on the fish, a force-effect simulation was ran: the 
fish’s CoM translation and heading angle were prescribed to be identical to those predicted by 
the factual simulation. Thus, the fish was not swimming freely in the force-effect simulation. To 
assess the effect of the wake on the fish’s trajectory, the trajectory-effect simulation was 
developed: this simulation is identical to the force-effect simulation except that the fish was 
swimming freely (Fig. 6-5a). Both effect simulations were compared with the factual simulation 
presented in §3.1–§3.2. It was confirmed that the force results of the two counterfactual 
simulations were not spurious. Figure 6-6 shows that the forces exerted on the fish body are 
almost identical in all three simulations before the wake interception (before 18 ms), then 
diverge during the wake interception (18-24 ms), only to converge again after wake interception 
(at 40 ms). 
Table 6-1 shows the hydrodynamic force acting on the fish in the two scenarios, the factual 
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simulation and the force-effect simulation. The values for the two scenarios differed markedly 
(table 6-1, III and VI). Compared with the hydrodynamic forces acting on the total body, the 
difference in force along the fish’s path of motion (Y direction) is negligible, but the lateral 
force (X direction) is of a similar order of magnitude (table 6-1, IV versus VI); the 
intercepted-wake force is of the same order of magnitude as the hydrodynamic force generated 
by the fish but roughly perpendicular to the fish’s hydrodynamic force; hence intercepting the 
wake causes the fish’s forward velocity to change mainly in orientation but not magnitude. By 
comparing the force on the anterior body (table 6-1, IV) with the force on the total body (table 
6-1, VI), we find that the lateral intercepted-wake force (1.14 10-6 N) on the anterior body 
accounts for more than 85% of the lateral force on the total body (1.30 10-6 N) – the wake 
interacts mainly with the anterior body. The difference between the forces with (table 6-1, I & 
IV) and without wake interception (table 6-1, II & V) is negative (table 6-1, III & VI), 
indicating that the intercepted wake pushes the total body to the left and, by pushing against the 
anterior body, it counteracts the change in heading. If the fish had not intercepted its own wake, 
it would have turned further away from the threat and its escape trajectory would be further to 
the right. The main effect of the wake interceptions occurs in stage 2 of the C start, but the 
effects carry over into stage 3 (table 6-1). 
The main effect of the wake interception on the hydrodynamic forces acting on the fish are 
visible in Fig. 6-6. The anterior body of fish experienced a lower force in the Xfish direction (Fig. 
6-6) and more force on the entire body occurred in the negative Xfish direction (Tab. 1); hardly 
any difference in the hydrodynamic force acted in the swimming direction on the fish (Yfish 
direction) (Tab. 1 and Fig. 6-6). Differences between factual and force-effect simulation 
occurred in both pressure and shear force, but mainly in the Xfish direction (Fig. 6-6). As the fish 
swam through its wake, the wake altered the surface velocity gradients in the fish’s boundary 
layer and affected the surface stresses on the fish. 
The comparison between the factual simulation and the trajectory-effect simulation showed 
that wake interception might change the fish’s escape trajectory. When the wake was absent, the 
fish turned further than the fish that interacted with its wake (Fig. 6-7, red and blue curves 
respectively). The difference in the turning angle of the fish was 5˚ at the end of the stage 2 
(24ms) and by 7˚ at 40ms. 
Wake interception had a small effect on total power. As shown in tab 6-2, the wake 
interception marginally reduced power output by approximately 1%, suggesting that the wake 
interception mainly deflected the escape path by changing surface drag, but it did not 
significantly affect energy expenditure. 
Although our calculations provided specific values of the difference between the factual 
simulation and the two counterfactual simulations, these values only provide a qualitative 
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exploration of wake-interception effects due to the non-linear properties of fluid systems – the 
total flow phenomenon is not a linear superposition of phenomena due to the wake and the rest 
of the flow. 
 
6.3.4 Flow patterns of starts in different directions 
The effect of wake interception on the escape trajectory should depend on escape direction – 
wake interception can only occur if the fish turns far enough to intersect its own wake. To 
explore the sensitivity of the wake interception effect to escape direction, the body curvature of 
the C-start was gradually reduced from 1.0 (factual simulation) to 0.9, 0.8, 0.7, 0.6 and 0.5 times 
the experimentally observed curvatures. This reduction in body curvature led to a reduction in 
escape angle as shown in Fig. 6-8. In the 0.9 times curvature simulation, the fish brushed up 
against the proximal side of the jet. As curvature decreased to 0.8 times and lower, the fish no 
longer intercepted its wake. In order to intercept its wake, the fish must turn at least 100°. 
To explore the lower and upper bounds of the turning angle further, two additional 
experimentally observed C starts were simulated, a 15° and a 140° turn. During the 15° turn 
(from Fig. 3 in Li et al. 2011), the larva was touched at the tail (Fig. 6-9a) and started a forward 
escape. During the 140° turn (from Fig. 1(A) in Friedrich et al., 2012), the fish was touched at 
the snout (Fig. 6-9b) and turned to swim away from the threat. In the 140° turn, the body bent so 
that the tail ended up underneath the head at the end of the stage 1 (Fig. 6-9c). 
During the 15° turn (Fig. 6-9, left column), the wake shed during the preparative stroke is 
positioned similarly to the wake shed during the 120° turn relative to the fish, yet the 
preparative stroke was briefer, the body bent less, and the fish did not turn far enough to 
intercept its wake. 
In contrast, during the 140° turn, the larva bent its body strongly, turning even further than 
during the 120° turn. In this stronger turn, the larva’s head overshot the wake during the stage 1 
and then intercepted the wake not from the larva’s front, as in the 120° turn, but from the larva’s 
left side (Fig. 6-9: right column). The wake (highlighted by the white dash line in Fig. 6-9) 
again merged with the boundary layer of the anterior fish body. To our knowledge, this C-start 
event represents one of the largest turns of larval fish recorded so far. Yet even in this extreme 
case, the fish did not bypass the wake, suggesting that fish larvae might not be capable of 
turning far enough to overshoot and bypass the wake entirely. It may be impossible for larval 
fish executing a U turn to avoid wake interception, according to the analysis in §6.3.3, and this 
implies that larvae executing a U turn will be affected by wake interception.  
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6.3.5 Large fish might overshoot the ‘window of wake interception’ 
The results in §6.3.4 suggested fish larvae may be able to under- but not overshoot to avoid 
wake interception. To assess the effect of flow regime, the escape trajectory of the fish for two 
additional Re (200 and 6 000) were modelled, assuming identical body shape and body wave 
kinematics but either decreasing Re by one order of magnitude or tripling Re and comparing 
both simulations to the original case (120° turn, Re 2 000) (Fig. 6-7). It's assumed that the 
simulation at Re=6 000 did not enter the turbulent regime and could be computed by our 
laminar flow model. Anderson et al. (Anderson et al. 2001) showed that at Re 60 000 the 
boundary layer of a scup remains laminar along the entire body. Tytell and Ellington (Tytell and 
Ellington, 2003) performed PIV (particle image velocimetry) measurements of an artificial 
vortex ring as a wake model of hovering hawkmoth and they found that the wake remains 
laminar at a ring Re 5 200 (based on a different definition in which the vortex ring velocity and 
its radius are used as reference speed and length, respectively) and for a longer duration (>1 s, 
dimensionless time: >5×10-4). Therefore it is safe to assume that a fish’s wake remains laminar 
long enough (<20 ms; dimensionless time: <3.6×10-4) for wake interception to occur before the 
wake transits to turbulence. Note that based on the same definition of Re used by Tytell and 
Ellington, the Re of the vortex ring of our Re 6 000 simulation is less than 800, far smaller than 
5200, suggesting that there exists in fact a considerable safe space before the wake becomes 
turbulence. This simulation at high Re predicts that larger fish (fish swimming at higher Re) are 
able to turn faster and further than smaller fish (fish swimming at lower Re). Compared with the 
original case, lowering Re decreased turning angle and total distance covered over the first three 
tail beats of the C start; increasing Re had the opposite effect, improving overall escape 
performance. While large fish might be able to overshoot and escape their own wake, larvae 
might not.  
To explore how escape trajectory and wake interception depend on body wave at high Re, 
the body curvature was again varied from 0.9, 0.8, 0.7, 0.6 to 0.5 times the curvature of the 120° 
turn case of Budick and O’Malley(Budick and O’Malley, 2000, figure 4), then calculated 
trajectories (Fig. 6-10a) and flow fields (Fig. 6-10bcd). It's found that the simulated fish at 1.0 
times the experimentally-observed curvature achieved a higher escape angle than the larva at Re 
2 000 (escape angle 160°) and is intercepting only a small part of the wake at the distal rather 
than the near side of the wake (Fig. 6-10d), in contrast to the larval fish at Re 2 000, which 
undershot its wake by passing the wake on the near side. We predict that increasing Re further 
will cause the fish to achieve even higher escape angles and cause the fish to overshoot its wake. 
At 0.9 times experimentally-observed curvature and Re = 6 000, the fish achieved a 120° turn 
and intercepted its own wake head on (Fig. 6-10c). At 0.8 times the experimentally-observed 
curvature, the fish achieved a 100° turn and undershot its own wake, touching the proximal side 
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of its wake (Fig. 6-10b). When the fish intercepted its own wake head-on, there was again a 
visible wake-interaction effect on the fish’s trajectory; without the wake interaction, the fish 
would have turned 5° further than it did with the wake interaction (comparison between solid 
green and dash black lines, using the same method as factual and trajectory-effect simulations in 
§6.3.3), a similar effect to the one observed in the fish larva at Re 2 000 (Fig. 6-7, blue and red 
curves). 
 
6.4 Conclusions 
When simulating the flow generated by a fish larva executing an experimentally observed C 
start, we found that fish larvae can intercept their own wake. The larva produced a jet flow with 
its tail during stage 1 of the C-start and interacted with it during the stage 2. According to our 
simulation, the intercepted wake may significantly increase the lateral force on the fish during 
the stage 2. This lateral force deflected the fish’s escape trajectory by several degrees. Yet, it 
had no significant effect on total power output. We hypothesise that during the wake 
interception, the fish ‘absorbed’ part of the momentum of the previously generated wake into its 
boundary layer, leading to the observed deflection in the escape trajectory.  
To intercept the wake during a C-start, the turning angle of fish needs to be within an 
appropriate window (Fig. 6-10e). If the fish turns by less than 100°, it undershoots its own wake 
and will not interact with the wake. If the fish turns by 100 to 180°, its anterior body will 
intercept the wake, and this interaction will reduce its net turning angle. If the fish turns by more 
than 180°, the fish might overshoot its wake and again will not intercept its wake. Currently, we 
have experimental data showing that fish larvae either undershoot (turning angle <100°) or 
intercept their wake (100° ≤ turning angle ≤ 180°). However, we have no kinematic data that 
suggest that fish larvae actually overshoot their wake (turning angle > 180°). Based on the trend 
observed in our data, we predict that as Reynolds number increases, the turning angle will 
increase, causing the fish to overshoot and miss the window of wake interception. 
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stage direction 
avg. anterior body force (10-6 N) 
 
 avg. total force (10-6 N) 
I 
factual 
simulation 
II 
force-effect 
simulation 
III = I - II 
difference   
IV 
factual 
simulation 
V 
force-effect 
simulation 
VI = IV-V 
difference 
2              
(14-24ms) 
Xfish 4.79  5.93  -1.14  
 
-5.94  -4.64  -1.30  
Yfish -7.78  -7.69  -0.09  
 
1.17  1.15  0.02  
3               
(24-36ms) 
Xfish -3.50  -3.07  -0.43  
 
0.33  1.02  -0.69  
Yfish -3.54  -3.80  0.26  
 
-0.32  -0.67  0.35  
 
Table 6-1.  Comparison of fluid dynamic forces acting on the fish in the simulation with 
(factual simulation) and without wake interception (force-effect simulation). Forces are 
expressed in the fish frame-of-reference. The anterior body force is the force acting on the part 
of the body anterior to the CoM. See text for further explanation.  
 
 
 
stage 
avg. power output (10-6 J/s) 
factual 
simulation 
trajectory-effect 
simulation 
wake interception 
effect 
2              
(14-24ms) 
13.78 13.88 -0.14 
3               
(24-36ms) 
3.29 3.33 -0.04 
 
Table 6-2.  Comparison of total power output of the fish in the simulation with (factual 
simulation) and without wake interception (trajectory-effect simulation).  
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Figure 6-1. Coordinate system. The earth frame-of-reference is defined by the position of the 
fish’s centre of mass (origin Oearth) and orientation of the fish before the C start (-Yearth), the fish 
frame-of-reference follows the fish throughout the swimming bout and is defined by the 
tangential direction of the trajectory of the centre of mass (Yfish) and the position of its centre of 
mass (Ofish); the escape angle is defined as the angle between the earth frame-of-reference and 
the fish frame-of-reference at the end of the stage 2. 
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Figure 6-2. Body midline kinematics based on an observed C start (Budick and O’Malley, 
2000) (arrow head = snout). The fish received a tactile stimulus (positioned by the star) and 
initiated a C-start from rest at 0ms. The moment of maximum bending occurred 14 ms after the 
initiation of the C start (red midline). 
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Figure 6-3. Comparison of body kinematics between computational (CFD, red) and 
experimental (EXP, black) results. (a) Body outlines and trajectories of the centre of mass 
(CoM) at the start (EXP/CFD Start; purple outline), the end of the stage 1 (full C) and at 40 ms 
(end). (b) Swimming speed in the escape direction. (c) Angular velocity of the head; (d) Angle 
of the head. The grey area in panels (a-c) indicates the stage 2. 
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Figure 6-4. Flow pattern during the escape response in figure 6-2. (Left column) Velocity field 
(colours) in the medio-frontal plane of the fish, and local flow directions (black arrows). The 
white lines indicate the x,y axes of the earth frame-of-reference. The intercepted wake is 
outlined by a dashed line. (Central column) Sketch of the main flow features. Body jet flows (J) 
and associated vortex rings (V) are numbered, the vortex ring at the head that forms due to wake 
interception is named VH. (Right column) Vorticity topology based on iso Q-surfaces (Q=0.1) 
coloured by contours of flow velocity. 
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Figure 6-5. Wake removal. (a) Computational procedures to explore the effects of wake 
interception. The wake at time 14 ms was digitally removed, then iterated the preliminary 
solution until it converged with N-S equations, then imported it into the counterfactual 
force-effect and trajectory-effect simulations as artificial initial condition. In the ‘force-effect’ 
simulation, the fish’s trajectory is prescribed to be the same as in the simulation with wake 
(factual simulation); in the ‘trajectory-effect’ simulation, the fish’s trajectory reflects the forces 
acting on the fish. (b) wake removal zone. 
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Figure 6-6. Comparison of the hydrodynamic forces acting on the fish with and without wake 
interception, contrasting factual and force-effect simulation of the escape turn shown in figure 
6-2; forces are quantified along and perpendicular to the fish’s instantaneous trajectory at the 
anterior body, which is the location of the wake interception. The difference is largest at times 
18-24ms (blue window) when the fish intercepts its wake. (Left column) Shear forces. (Right 
column) Pressure forces. The fluid force on the anterior body was mainly a drag force resisting 
motion. The force-effect simulation repeated the motion of the factual simulation, thus 
swimming velocities were identical. 
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Figure 6-7. Simulated swimming trajectories of fish performing a C start, based on 
experimentally observed body wave kinematics (Budick and O’Malley, 2000). Paths are 
calculated for three Reynolds numbers and a simulation that removes the wake interception. 
Fish achieve greater re-orientation with increasing Reynolds number; wake interception (blue 
trajectory) decreases escape angle (red trajectory = trajectory-effect model, starting at 14ms (red 
dot), rather than the origin (open black dot), with the wake removed as the initial condition; see 
main text for further explanation). 
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Figure 6-8. (Left) Predicted trajectories for a range of maximum body curvatures reached 
during stage 1, based on experimental data for a 120˚turn (Budick and O’Malley, 2000), at Re 2 
000. Decreasing the maximum body curvature decreases the turning angle. (Right) At 0.9 of the 
experimentally observed curvature, turning angle is sufficiently lower for the fish to no longer 
intercept its wake.  
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Figure 6-9.Simulated C-starts of larval fish performing a shallow (15˚) and a sharp turn (140˚), 
based on experimental data (Li et al.,. 2011; Friedrich et al., 2012). (a) and (left column) Larva 
was touched at the tail, executing a forward escape response. (b) and (right column) Larva was 
touched at the head, executing a sharp turn. (c) During the 140° turn, the fish larva bends so 
strongly that its tail and head overlap; our simulation assumes that the tail crosses just below the 
head. 
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Figure 6-10. Simulated C-starts for a fish larva in the inertial flow regime (Re 6 000), based on 
the body kinematics observed in Budick and O’Malley (Budick and O’Malley, 2000), to explore 
the effects of Re on wake interception. (a) Predicted trajectories for a range of maximum body 
curvatures. (black dashed trajectory = trajectory-effect model, starting from the solid black dot 
position at 14ms). (b,c,d) Flow velocity field for simulations at 0.8, 0.9 and 1.0 times the 
originally observed body curvature. (e) Summary of the wake interception effect in larval fish. 
Fish larvae will intercept their wake during a C-start if their turning angle is between 100° and 
180°; fish larvae are able to undershoot but not overshoot their wake, possibly due to Re effects. 
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Chapter 7  
Conclusion remarks and future works 
 
 
7.1 Conclusion remarks 
 
Since 2010, I have been developing a free-swimming computational mechanical model based on 
Prof. Hao Liu's original computational fluid dynamic (CFD) solver. In this unique CFD model, 
the solutions for both hydrodynamic and body motion are coupled. The model fish can swim 
freely on the horizontal plane (3 degrees of freedom (DoF)). The centre-of-mass (CoM) 
movements and body orientation are not prescribed, but are determined by the hydrodynamic 
forces generated by the swimming model fish. This CFD model has two main advantages: 1) the 
motion of the free-swimming fish model can reflect the accuracy of hydrodynamic computation, 
which could ensure the accuracy of the simulation; 2) the CFD fish model can simulate fish 
maneuvering, while a conventional fixed fish model cannot do such job. This CFD model 
proofed itself as one of the most accurate and powerful CFD tools ever used in worldwide fish 
swimming research. Using the CFD model, I worked on several novel aspects of larval 
swimming. For the first time, a detailed quantitative overview of the time-dependent nature of 
the pressure- and shear stress distribution on the surface of the larval fish is generated during 
complete swimming events, including a start, cyclic swimming and coasting. Many important, 
novel and interesting mechanisms and phenomenon of fish swimming are discovered.  
 
 
7.2 Future works 
 
7.2.1 Fish model with pectoral fins 
Fish use their pectoral fins extensively during swimming to generate thrust (e.g. Drucker and 
Lauder, 2000 and 2001), drag (e.g. Drucker and Lauder, 2003; Higham et al. 2005) and lift 
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forces (e.g. Wilga and Lauder, 2000) that aid propulsion, trim or maneuvering during swimming. 
Larval fish seem to use their pectorals in a similar manner as adults – pectoral fins beat during 
slow swimming and maneuvering (Müller and van Leeuwen, 2004; Hale et al., 2006) and may 
play a role in feeding (Budick and O’Malley, 2000) and respiration (Green et al., 2011 and 
2012). Extensive experimental observations have been made on larval zebrafish to exam the 
pectral fin function during turning and cyclic swimming (Müller and van Leeuwen, 2004; Green 
et al., 2011 and 2013). These (partially controversial) studies raise the question whether pectoral 
fins has any effect on the propulsive function at comparatively low speeds, either positively or 
negatively.  
  To answer this question, the computational three-dimensional fish model presented in this 
study is already able to simulate swimming with undulating body and beating pectoral fins (see 
Fig. 7-1). In future this novel model will be validated with experimentally observed swimming 
kinematics. Simulations with/without beating pectoral fins will be compared. The combined 
effects of variations in body undulation amplitude and frequency and pectoral fin contribution 
will be explored for cyclic swimming. It is expected that the net positive propulsion effect of the 
beating fins reduced with swimming speed and turned negative for speeds beyond a critical 
level. This could explain why fish larvae adduct their pectoral fins during fast swimming.  
 
 
 
7.2.2 Boxfish inspired swimming robot 
Boxfish (Fig. 7-2) uses the rigid-bodied median- and paired-fin (MPF) mode of locomotion, 
which is quite different from fish in body and caudal-fin (BCF) mode such as tuna and carp. 
Though the swimming speed and efficiency of a boxfish is lower than the BCF fish, their 
maneuverability is overwhelming. Gordon et al. (Gordon et al., 1996) observed that pufferfish 
and boxfish showed no detectable yaw or sideslip over a full range of swimming speeds. Walker 
(Walker, 2000) observed the minimum turning radius of boxfish approaches zero. 
  Underwater robots are widely used in the fields of ocean development, investigation and 
marine environmental protection. Some robot use fishlike swimming mechanism. Based on the 
aim to obtain the high-speed and efficiency of the fish swim, a lot of fish robots imitate tuna, 
such as RoboTuna designed and built by the Massachusetts Institute of Technology (MIT). 
Deng and Avadhanula (University of California, Berkeley) developed a robot to imitate the 
motion of boxfish, but their robot only has one fin (tail fin), and indeed should be considered as 
a BCF mode fish robot. Osaka City University recently showed a new concept of robot 
fish. Their 10cm long robot fish used magnets which pushed down the power consumption to 10 
milliwatts.  
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  A boxfish’s swimming style is different from body and caudal fin (BCF) mode fish such as 
the tuna. Since the tail beat of a tuna will generates recoil forces resulting into yaw and sideslip, 
if we equip carp-like robot fish with a camera on its head, the image will shake severely and 
make operator very uncomfortable (Fig. 7-2). On contrast, a boxfish has three fins locating at 
posterior part of the body (Fig. 7-2), the dorsal and anal fins beats in reverse direction to the 
caudal fin, as the result, the recoil is automatically neutralized and the head needn’t shake 
during propulsion. 
  Motor and propeller will not be used onto the robot. To drive the fin, we plan to use 
electromagnetic components or new materials to save energy and reduce weight. The shape and 
undulating amplitude of fins will not be determined by experiments but based on CFD 
simulations. In the past, all fish robot designs aimed at high-speed and efficiency, while in our 
plan we focus on the maneuverability. The robot fish will inherit the high maneuverability of 
the real boxfish, able to perform hovering, forward/backward motion and pivot turning. The 
purpose of the research is to build a prototype of boxfish-like robot, the design of the robot is 
systematically based on a CFD platform. The robot with micro-size and high maneuverability 
can be used in extremely narrow waters in disasters for stable visual investigation. 
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Figure 7-1. Grid system for body-pectoral fin model. (Upper) Dorsal view of 5day 
post fertilization zebrafish; (Middle) morphological parameters and computational 
surface model; (Lower) grid system consisted of fin-fitted, body-fitted and global 
grid 
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Figure 7-2. Boxfish. (upper) Boxfish; (middle) Boxfish use multi-propulsors to reduce yaw; 
(Lower) Boxfish robot can provide stable vision 
 
 
  
Acknowledgement                                                   111 
 
111 
 
References 
 
Budick, S. and O’Malley, D. (2000). Locomotor repertoire of the larval zebrafish: swimming, 
turning and prey capture. J. Exp. Biol. 203, 2565-2579. 
Drucker, E. G. and Lauder, G. V. (2000). A hydrodynamic analysis of fish swimming speed: 
wake structure and locomotor force in slow and fast labriform swimmers. J. Exp. Biol. 203, 
2379–2393.  
Drucker, E. G. and Lauder, G. V. (2001). Wake dynamics and fluid forces of turning 
maneuvers in sunfish. J. Exp. Biol. 204, 431-442. 
Drucker, E. G. and Lauder, G. V. (2003). Function of pectoral fins in rainbow trout: 
behavioral repertoire and hydrodynamic forces. J. Exp. Biol. 206, 813-826.  
Gordon, M. S., Plaut, I. and Kim, D. (1996). How puffers (Teleostei: Tetraodontidae) 
swim." Journal of fish biology 49(2), 319-328. 
Green, M. H., Ho, R. K., and Hale, M. E. (2011). Movement and function of the pectoral fins 
of the larval zebrafish (Danio rerio) during slow swimming. J. Exp. Biol. 214, 3111-3123. 
Green, M. H., Curet, O. M., Patankar, N. A. and Hale, M. E. (2012).Fluid dynamics of the 
larval zebrafish pectoral fin and the role of fin bending in fluid transport. Bioinspir. Biomim. 
8, 016002. 
Hale, M. E., Day, R. D., Thorsen, D. H., and Westneat, M. W. (2006). Pectoral fin 
coordination and gait transitions in steadily swimming juvenile reef fishes. J. Exp. Biol. 209, 
3708-3718. 
Higham, T. E., Malas, B., Jayne, B. C. and Lauder, G. V. (2005). Constraints on starting and 
stopping: behavior compensates for reduced pectoral fin area during braking of the bluegill 
sunfish Lepomis macrochirus. Journal of Experimental Biology 208, 4735-4746.  
Müller, U. K. and van Leeuwen, J. L. (2004). Swimming of larval zebrafish: ontogeny of 
body waves and implications for locomotory development. J. Exp. Biol. 207, 853-868. 
Walker, J. A. (2000).Does a rigid body limit maneuverability?. Journal of Experimental 
Biology 203(22): 3391-3396. 
Wilga, C. D. and Lauder, G. V. (2000). Three-dimensional kinematics and wake structure of 
the pectoral fins during locomotion in leopard sharks, Triakis semifasciata. Journal of 
Experimental Biology 203, 2261–2278.  
 
 
 
 
Acknowledgement                                                   112 
 
112 
 
List of Publications 
 
Peer-Reviewed Journals: 
Gen Li, Ulrike K. Müller, Johan L. van Leeuwen and Hao Liu. Escape trajectories are deflected when 
fish larvae intercept their own C-start wake. Journal of the Royal Society Interface. 11: 20140848. (5 
Year Impact Factor 4.875) 
Gen Li, Ulrike K. Müller, Johan L. van Leeuwen and Hao Liu. Body dynamics and hydrodynamics of 
swimming fish larvae: a computational study. Journal of Experimental Biology. Vol. 215, pp. 4015-4033. 
November, 2012. (5 Year Impact Factor 3.3) 
 
 
Invited Presentation: 
Gen Li and Hao Liu. Self-wake Capture influences escape trajectory of C-start of larval fish. 7th World 
Congress of Biomechanics. Boston, USA. July, 2014. 
 
 
Conference Papers and Presentations: 
1. Gen Li, Ulrike K. Müller, Johan L. van Leeuwen and Hao Liu. On the propulsive role of finfold in 
larval fish swim: a computational study. The Society for Integrative and Comparative Biology Annual 
Meeting. West Palm Beach, USA. January, 2015. 
2. Hiroto Tanaka, Masashi Nakamura, Yusuke Uchida, Gen Li and Hao Liu. Hydrodynamic and 
energetic in rapid acceleration of a pacific white-sided dolphin, Lagenorhynchus Obliquidens. The 6th 
International Symposium on Aero-aqua Bio-Mechanisms (ISABMEC2014). Honolulu, Hawaii, USA. 
November, 2014. 
3. Gen Li, Ulrike K. Müller, Johan L. van Leeuwen and Hao Liu. Can larval fish enhance their 
hydrodynamic performance of backward C-start by capturing their own wake? The Society for Integrative 
and Comparative Biology Annual Meeting. Austin, USA. January, 2014. 
4. Yosuke Uchida, Gen Li, Hiroto Tanaka and Hao Liu. The filming and kinematic analysis of dolphin 
jumping by using high-speed video cameras. JSME Annual Meeting. Okayama, Japan. September, 2013. 
5. Gen Li, Ulrike K. Müller, Johan L. van Leeuwen and Hao Liu. The propulsive role of pectoral fin 
movement changes with swimming speed: a computational study. Society of Experimental Biology 
Annual Meeting. Valencia, Spain. July, 2013. 
Acknowledgement                                                   113 
 
113 
 
6. Gen Li, Ulrike K. Müller, Johan L. van Leeuwen and Hao Liu. Phase difference between body 
undulation and pectoral fin oscillation can affect swimming hydrodynamics of fish larvae: a 
computational study. JSME 25th Bioengineering Conference. Tsukuba, Japan. January, 2013. 
7. Gen Li, Ulrike K. Müller, Johan L. van Leeuwen and Hao Liu. Pectoral fin motions affect 
hydrodynamics of undulatory swimming in fish larvae: a computational study. The 5th International 
Symposium on Aero-aqua Bio-Mechanisms (ISABMEC2012). Taipei, Taiwan. August, 2012. (Student 
award). 
8. Lijun Li, Gen Li and Hao Liu. A Numerical Study of Hydrodynamics and Maneuverability in 
Pufferfish Swimming. The 5th International Symposium on Aero-aqua Bio-Mechanisms (ISABMEC2012). 
Taipei, Taiwan. August, 2012. (Presented by Gen Li) 
9. Gen Li, Ulrike K. Müller, Johan L. van Leeuwen and Hao Liu. Body dynamics and hydrodynamics of 
different types of C-starts on larval zebrafish: a computational study. Society of Experimental Biology 
Annual Meeting. Salzburg, Austria. July, 2012. 
10. Gen Li, Ulrike K. Müller, Johan L. van Leeuwen and Hao Liu. Swimming hydrodynamics and 
maneuverability in C-start of zebrafish larvae: an integrated computational study. ASME-JSME-KSME 
2011 Joint Fluids Engineering Conference, Vol. 1, AJK2011-19020, pp. 2059-2066. Hamamatsu, Japan. 
July, 2011. 
 
 
  
Acknowledgement                                                   114 
 
114 
 
 
Acknowledgement 
  
 
 First of all, I am sincerely grateful to my supervisor Professor Hao Liu for his guidance to this 
wonderful research field. I also appreciate all referees of my defense committee for giving me 
advices to improve my research.  
  I appreciate Prof. Johan L. van Leeuwen and Prof. Ulrike K. Müller. They are not only best 
collaborator, but also deeply affected my style of thinking and working. 
  My lab mates brought me so much help and happiness. I would like to specially thank Dr. 
Maeda and Dr. Noda. I wish we all could realize our dream to become great scientists in future. 
My doctoral study was completely funded by a Japanese Government (MEXT) Scholarship. 
This research on the swimming of zebrafish larva was partly supported by a PRESTO-JST 
program and the Grant-in-Aid for Scientific Research of No. 18656056 and No. 18100002, 
JSPS, Japan.  
  At last, I want to say “ I LOVE YOU” to my parents and my dearest wife Yini. The fish 
swims in my thought and dream, just as I swim in your smile and love. 
 
